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ABSTRACT OF DISSERTATION

COEVOLUTION AND GENETIC DIVERSITY IN GRASS-ENDOPHYTE
SYMBIOSES
Symbioses between cool-season grasses (Subfamily Pooideae) and endophytic
fungi in the genera Epichloë and Neotyphodium straddle a continuum of interactions from
antagonistic to highly mutualistic. Although these two genera of endophytes are closely
related, Neotyphodium endophytes are strictly seed-transmitted and provide many
physiological and defensive benefits to their hosts, while Epichloë spp. have an obligately
sexual contagious stage wherein host inflorescences are replaced by fungal sexual
structures (stromata), effectively sterilizing the plant. Between these two extremes of
interactions are Epichloë spp. with a “mixed” strategy, where some grass tillers are
sterilized while others develop normally and yield healthy endophyte-infected seeds.
These symbioses offer a unique opportunity to dissect evolutionary mechanisms that may
drive movement along this continuum. The research presented characterizes distinct
hybridization processes in endophytes and grasses that result in the generation of
astounding genetic diversity for the symbiosis. Interspecific hybridization via hyphal
anatomosis is a common feature of Neotyphodium endophytes, and may promote

mutualism by combining suites of defensive alkaloid genes and ameliorating the adverse
evolutionary effects of an asexual lifestyle. My results demonstrate that several
genetically distinct hybrid endophytes infect grass species in tribe Poeae. Further, I show
that a highly mutualistic asexual endophyte infecting tall fescue (=Festuca arundinaceum
Schreb.), Neotyphodium coenophialum, also infects two closely related and interfertile
relatives of this host. My findings suggest that this seed-borne endophyte may have been
introgressed into these grasses through sexual grass hybridization events. These findings
highlight interspecific hybridization as a means of generating tremendous genetic
variability in both endophytes and their hosts, thus magnifying the adaptive evolutionary
potential of these symbioses. Further, I establish a phylogenetic framework for grasses
naturally harboring Epichloë and Neotyphodium endophytes. I show that patterns of
genetic divergence among grass lineages are emulated by those of their fungal symbionts.
These results suggest that endophytes have co-evolved with grasses in subfamily
Pooideae, and may have played a critical role in the evolutionary success and radiation of
this group of grasses.
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Chapter One
Introduction

1.1. Introduction.
Interactions between plants and fungi cannot all be classified into discreet or absolute
groups, but instead are part of a continuous spectrum that can vary in space and time. At one end
of this spectrum are antagonistic fungi that obtain their nutrition by parasitizing their hosts.
These interactions are of primary importance to mankind, as they can result in devastating
epidemics of vital agricultural crops. Other fungi are capable of interacting in a neutral manner
with plants, or are such weak parasites that plant fitness is not significantly impacted. Still a third
potential outcome of such interactions is that both members, host and fungus, gain fitness
advantages from their association. These relationships are considered mutualistic, and organisms
that interact with plants in such a manner span all kingdoms of life from bacteria, to fungi, and
insects. Many even view human cultivation of certain plants of agronomic importance as a form
of mutualism. One well-documented example of mutualistic plant-fungal interactions are
mycorrhizal fungi that colonize the root systems of many host plants, providing enhanced
nutrient and water uptake in exchange for photosynthetic carbohydrates. These associations are
believed to have ancient origins, and the first plants to colonize land likely had mycorrhizal-type
fungi associated with their roots (Remy et al., 1994, Redecker et al., 2000).
In all of these cases, the level of integration between plant and fungus is important to bear
in mind. Those organisms that spend a majority, if not all, of their life cycle associated with the
host plant are called symbionts (living together), and include parasites, commensals, and
mutualists. Mutualistic relationships are predicted to arise more frequently between organisms
that are highly integrated into combined “symbiota” (Siegel & Schardl, 1991), especially if this
integration extends to transmission strategies of host and symbiont. Symbionts that are vertically
transmitted (in the case of plants, via the seed) should evolve a more benign relationship with
their host, as any net benefit they have on host fitness would likely promote their own
transmission (Ewald, 1987).
This dissertation characterizes some of the evolutionary processes that have driven the
proliferation of one such group of fungal-plant mutualisms. The associations between cool-
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season grasses (family Poaceae, subfamily Pooideae) and fungi in the genera Epichloë and
Neotyphodium (order Hypocreales, family Clavicipitaceae) occupy a unique place in the
spectrum of host/symbiont interactions. Fungi contained in these two genera are endophytes, and
systemically infect the intercellular spaces of their grass hosts without causing any disease
symptoms during most, if not all of their life cycles. However, different endophytes exhibit
dramatic differences in their transmission strategies, which occur simultaneously with the onset
of host flowering and seed production.
The genus Epichloë is composed of haploid species that all undergo an external,
contagious stage wherein hyphae of the fungus proliferate to form a stroma around the
developing inflorescence, causing it to arrest development (White et al., 1991). This constitutes a
disease termed "grass choke" or "choke disease." The stroma is covered with spores which, when
transferred to a stroma of opposite mating type, result in fertilization and production of
contagious ascospores (Chung and Schardl, 1997). In interactions characteristic of some species
of Epichloë, every host tiller is afflicted and the plant is effectively sterilized. These symbioses
represent the antagonistic extreme (White et al., 1991). In symbiota with other Epichloë species,
only some of the host tillers are choked, while the remainder develop normal flowers capable of
seed production. Intriguingly, the fungus non-destructively invades the ovules within these
developing inflorescences and is incorporated into the mature seeds to give rise to the next
generation of endophyte-infected seedlings. Thus, Epichloë species in such symbiota have a
mixed transmission strategy, and such interactions likely require a fine balance between host and
symbiont, such that neither receives the sole benefits of sexual reproduction (Schardl et al.,
1997).
At the other extreme in these interactions are those with the Neotyphodium spp.,
endophytes that are very closely related to the Epichloë species but completely lack the external,
contagious stage. The Neotyphodium spp. are strictly seed-transmitted and reproduction of host
and fungus are merged together into a single entity. The binding of host and symbiont
reproductive strategies has led, in many instances, to highly mutualistic relationships in which
the host receives substantial fitness benefits by association with the Neotyphodium sp. endophyte
(Schardl and Clay, 1997). These benefits include production by the fungus of protective
alkaloids that are detrimental to both insect and mammalian herbivores (Clay et al., 1993; Siegel
et al, 1990); enhanced drought tolerance and competitiveness (Arechavaleta, 1989); and
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increased resistance to some fungal pathogens (Gwinn and Gavin, 1992). Therefore, the
spectrum of interactions between these closely-related Epichloë and Neotyphodium spp. and their
cool-season grass hosts appears to be related to the extent of vertical transmission of the fungus,
and presents a unique opportunity to examine the evolutionary processes that drive this shift in
the nature of plant-fungal relationships.
In contrast to the haploid Epichloë species, many of the asexual Neotyphodium spp. are
polyploid entities that appear to be genetic hybrids of two or more Epichloë species (Tsai et al.,
1994; Schardl et al., 1994; Craven et al., 2001a). Hybrids can be particularly prevalent in certain
grass species. Three distinct hybrids have been documented in Festuca arundinaceum Schreb.
(Tsai et al., 1994) and two in Festuca pratensis (Huds.) Darbysh. (Craven et al., 2001a), both
grasses in the tribe Poeae. All of these hybrid endophytes are known to produce protective
alkaloids and one of the tall fescue hybrids, Neotyphodium coenophialum, is one of the bestdocumented examples of a defensive, mutualistic endophyte (Porter, 1994; Bacon et al., 1977;
Arechavaleta et al., 1989). As some mutualistic Neotyphodium species do not appear to be
hybrids, it would seem that hybridization is not a prerequisite for asexuality, or indeed for the
emergence of mutualism. In fact, several of the Epichloë species capable of significant seedtransmission are also known to produce protective alkaloid compounds (Siegel et al., 1990). It
has been speculated that hybridization in the genus Neotyphodium may be a means for these
endophytes to escape the detrimental effects that result from a strictly asexual lifestyle (Schardl
and Wilkinson, 2000). These ideas are more fully discussed in the following chapters of this
dissertation.
Two major evolutionary themes emerge from the research described in this dissertation.
First, that hybridization plays a very significant role in generating genetic diversity for these
symbioses. In Chapter 2, I test the hypothesis that hybrid Neotyphodium endophytes are more
widely prevalent among cool-season grasses in tribe Poeae. Indications from previous studies
suggest that several of the grass species included in my survey harbor endophytes with
polymorphic allozyme profiles, suggestive of hybrid origins (Leuchtmann, 1994; Leuchtmann
and Clay, 1990). My results show that hybrid Neotyphodium spp. are common in this host tribe,
each with a unique assemblage of Epichloë spp. ancestors. Chapter 3 illustrates a similar
phenomenon in the grass hosts, wherein I provide evidence for the passage of a seed-borne
endophyte, N. coenophialum, into several related Festuca grasses most likely through
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introgression associated with host hybridization. As discussed below, introgression is quite
prominent in many grass genera, suggesting the possibility that endophyte inheritance of this
kind may be of broad significance.
Given the highly intimate nature of these symbioses, the mutualistic nature they often
exhibit, and the propensity of many endophytes to be seed-transmitted, it can be hypothesized
that these relationships are the result of long-term, persistent associations. The second goal of
this research was to address this hypothesis by initiating critical examination of a missing piece
of the evolutionary puzzle regarding endophyte symbioses; namely, phylogenetic relationships
among the host grasses. It is possible that this group of fungi and grasses have arisen together,
much like the emergence of land plants and mycorrhizal fungi mentioned earlier. While grassendophyte symbioses are obviously not of such ancient origins, they are no less striking in their
attributes. In Chapter 4, I establish the phylogenetic relationships between grasses naturally
infected with Epichloë and Neotyphodium endophytes using non-coding chloroplast DNA
(cpDNA) sequences, in order to evaluate evidence for parallel patterns of genetic divergence (cocladogenesis) between these hosts and their symbionts.
Appendix 1 ends this dissertation, wherein I provide the molecular organization of the
putative mating type (mat) loci for one heterothallic Epichloë species, E. typhina. This
information should facilitate future studies into mechanisms of diversity and population structure
among sexual Epichloë species, as well as possible causes and consequences of asexuality
among Neotyphodium endophytes.
In order to appropriately frame the hypotheses stated above, it is necessary to provide a
review of some of the processes that play critical roles in the evolution of grasses and fungi. The
following portion of this introductory chapter will describe fertility relationships and
mechanisms of speciation in the grasses. This knowledge is essential in understanding the
evolution and transmission of their fungal symbionts. General information regarding
classification within the entire grass family is provided here, with specific attention being given
to the Festuca-Lolium complex. This group of cool-season grasses and their associated
endophytes plays a major role in my dissertation research and is thus covered in considerable
detail. The proposed evolutionary relationships between broader groups of poöid grasses
(subfamily Poöideae) are given in the introduction to Chapter 4. The final section of this
introductory chapter describes hybridization phenomena in the fungal kingdom. Once thought to
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be rare or nonexistent in nature, examples of fungal hybrids are emerging in most of the major
fungal phyla. This section provides the evolutionary backdrop for our understanding of how
hybrid Neotyphodium spp. have come to exist.
1.2. Grass Evolution.
Grasses inhabit the Earth in greater abundance and distribution than do any other group of plants,
with representatives colonizing every continent on the planet (Gould and Shaw, 1983). The
grasses serve many roles in their ecosystems, including primary colonization and forages for a
wide variety of grazing animals and insects. Further, their root systems act to build and preserve
the earth’s soils and the minerals therein. Humans depend very heavily on the grass family, and
grass domestication was crucial to the origins of modern agriculture. Grains of many grasses
form staple food supplies for humankind, while others are used as forage for both domesticated
and wild animals.
The fundamental importance of the grasses has driven efforts to develop a framework
within which we can classify them, and from which we can establish evolutionary relationships
between members of the grass family. Grasses are notorious for breaking all the rules of
orthodox taxonomy. They often do not form groups of similar populations (species) separated
from one another by sharp, easily recognizable gaps (Stebbins, 1972). Many interfertile grasses
exhibit striking morphological variation, and others that appear very similar are incapable of
interbreeding. Much like the Neotyphodium spp., some groups of grasses appear to have
undergone extensive hybridization, resulting in a complex web of relationships instead of simple
linear pedigrees (Humphreys et al., 1995; Chandrasekharan and Thomas, 1971). These conflicts
have thrown grass taxonomy into a state of flux, with characterization of species being highly
dependant upon the criteria used. Yet significant progress has been made to develop a
classification framework for the grasses through the utilization of different criteria.
1.2.1. Classification within the grass family.
Taxonomists rely heavily upon two main criteria for establishing species boundaries in the
grasses: morphological characters and interfertility relationships (Gould and Shaw, 1983).
Morphological characters have traditionally involved gross anatomical features and growth
habits of grasses. More recently, we have gained a tremendous amount of insight through

5

analysis of chromosome number and size (see below), which can also be seen as taxonomic
characters. Interfertility among grasses is also considered an indication of close relations, and is
commonly used to group grasses into “biological species” (Mayr, 1940).
1.2.2. Morphological characters.
Examples of physical characters that have been utilized for grass classification are flower
structure and arrangement; vegetative shoot characters such as stem height, leaf length and
width; and anatomy of epidermal tissue, roots, culms, leaves (sheath and blade) and embryo
structure. Among these physical characters, flower structure and arrangement appear less
variable with regards to environmental influence, and are thus considered more reliable (Gould
and Shaw, 1983).
Certain aspects of growth habit are also used for classification purposes. Among the most
important is longevity (annual or perennial). An annual grass survives for only one year and is
regenerated from seed each season, whereas perennial grasses remain viable for two or more
seasons.
1.2.3. Interfertility relationships.
One of the most useful tools in classification of sexual organisms is simply to determine whether
or not the individuals in question are capable of interbreeding. The rationale is that plants that are
more closely related tend to be more interfertile with each other than with more distantly related
grasses. The generation of viable offspring is the most common criterion used to indicate
successful fertilization. Within the grass family, those that are classified into different species on
the basis of morphological characters often retain the ability to interbreed. In fact, such hybrid
plants generated from morphologically distinguishable parents sometimes exhibit increased
growth and competitiveness in a phenomenon known as “hybrid vigor.”
1.2.4. Chromosome number: the implications of cytogenetics.
Important findings arising from cellular analyses in the early 20th century have dramatically
enhanced our understanding of grass taxonomy and provided a suite of characters derived from
the structure and behavior of complex biomolecules. Through analysis of grass chromosomes,
we have gained a tremendous taxonomic tool in grass classification.
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As early as the 1920’s, it was recognized that chromosome number is a very valuable tool
in grouping grasses into taxonomically informative groups (Evans, 1926). Together with
chromosome morphology, this constitutes the karyotype of a grass. Avdulov (1931) examined
232 species, and found that three basic chromosome numbers (n) existed among these particular
grasses, although a majority of plants had chromosome complements that were a multiple of the
base number. Subsequently, chromosome numbers have been documented for thousands of
grasses. The typical basic chromosome numbers of the six subfamilies of grasses are: Pooideae
(x=7); Panicodieae (x=5, 9, 10); Chloridoideae (x=9,10); Bambusoideae (x=12); Oryzoideae
(x=12); Arundinoideae (x=6, 12) . Although it should be noted that many exceptions to the
general rule exist (Gould and Shaw, 1983), the characterization of chromosome complements
(karyotyping) has become highly valuable in grass taxonomy. Additional aspects of chromosome
morphology commonly used in grass taxonomy include: the relative length of chromosomes,
position of the centromere, presence and number of satellite DNAs, and secondary constrictions
(Malik and Thomas, 1966).
Cytological analyses have also provided a genetic explanation underlying much of the
success or failure in breeding artificial hybrids. Successful fertilization within a species results in
efficient pairing of parental chromosomes (paired chromosomes are known as bivalents) during
prophase I of meiosis. Pairing of homologous chromosomes allows precise segregation of
haploid sets into daughter cells during anaphase. Theoretically, as grass populations diverge over
evolutionary time they accumulate mutational differences in their chromosomal DNA sequences.
When the chromosomes differ sufficiently, they will not tend to pair in meiosis, and the number
of viable gametes will be low. Instead, dysfunctional gametes are produced with irregular
chromosome sets. Unsuccessful attempts in cross breeding grasses to obtain fertile hybrid plants
are usually characterized by such defects in meiosis.
Studies such as these suggest that both conventional cross breeding and cytological
analyses provide estimates of the relatedness between grasses. A breeder can generate hybrid
plants and examine fertility behavior, and can correlate embryo viability with karyotype and
chromosomal segregation during meiosis. The synthesis of cross-breeding and cytological
evaluation is very powerful for determining evolutionary relationships among grasses. These
ideas are embodied by Malik and Thomas (1967) as the “conventional genome-concept,” and is
based upon chromosome pairing in F1 hybrids created between different species. There will often
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be varying levels of pairing among similar (evolutionarily related) chromosomes. This
phenomenon is known as homeologous or imperfect pairing, and the related chromosomes are
homeologs.
Hybrid plants can occasionally arise or be bred from related but diverging grass species.
Such hybrids can persist in a vegetative state (particularly if they are perennial), but are most
often partially or completely sterile. A commonly utilized technique by grass breeders to restore
fertility is to treat fertilized embryos, seeds, tillers, or meristems with the chemical colchicine
(Morgan, 1976). This compound acts to double the chromosome complement, thus creating a
perfectly pairing homologous chromosome set and allowing the hybrid to carry out normal
meiosis.
1.2.5. The role of polyploidy in grass evolution.
As is often the case, what humans can produce mimics what nature has already produced. This is
true of grass evolution, where cytological analyses indicate that natural hybridization and
chromosome doubling are widespread. In addition, it is apparent that polyploidy, the
multiplication of chromosome sets, has figured prominently in the evolution of the grass family
(Stebbins, 1972). Whereas the incidence of polyploidy in flowering plants as a whole has been
estimated from 30-35%, Carnahan and Hill (1961) state that approximately 80% of grasses are
polyploid.
It is generally believed that there has been an evolutionary trend from an ancestral diploid
state to the more recent polyploid species. Multiplication of chromosome sets is proposed to
occur through two general mechanisms: simple doubling of the chromosome complement within
a plant (resulting in autopolyploidy), or hybridization between distinct species in which entire
chromosome sets are inherited by the offspring (resulting in allopolyploidy; Gould and Shaw,
1983). In the case of allopolyploidy, multiplication of chromosome sets can occur via either
mitotic or meiotic processes prior to, or following the actual hybridization event. Mitotic
nondisjunction, the failure of two members of a chromosome pair to separate properly at mitosis,
occurring following hybridization could produce a viable, fertile grass plant, although some have
suggested that a large proportion of natural polyploids have arisen from meiotic nondisjunction
(Harlan and de Wet, 1975; Veilleux, 1985). In this process, the chromosome number is
multiplied by meiotic nondisjunction, resulting in diploid (2n) female or male gametes.
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Typically, diploid ovules are much more viable than their pollen counterparts. Since a high
proportion of the pollen must be viable in order for anthesis to proceed (Gould and Shaw, 1983),
male sterility is particularly prevalent in hybrids. However, there is often a low level of female
fertility, and this may allow fertilization by normal haploid (1n) pollen. A second round of
meiotic nondisjunction and fertilization by haploid pollen would yield a hybrid with restored
fertility. Naturally occurring allopolyploids are abundant in the Festuca-Lolium complex, where
chromosome numbers in naturally occurring species range from diploid (2n=2x=14) to decaploid
(2n=10x=70).
1.2.6. Relationships within the Festuca-Lolium complex.
Grasses in the closely related genera Festuca and Lolium are remarkable for numerous reasons,
and are perhaps the most widely studied of all forage grasses. Besides the enormous role they
play in grassland agriculture in cool and temperate regions around the world, they have
fascinated evolutionary biologists and taxonomists for decades. The genus Festuca contains over
400 species of varying ploidy levels, whereas the genus Lolium has traditionally been
characterized as a much smaller genus with approximately eight species, all of which are diploid
(Terrell, 1966). Tall fescue (6x Festuca arundinacea Schreb.) and its close relatives present an
interesting classification problem, because taxonomy based upon morphological characters often
conflicts with observed fertility relationships. For these reasons, this group of grasses is
commonly referred to as the Festuca-Lolium complex (Jauhar, 1993).
1.2.7. Genus Festuca: the fescues.
Hackel (cited in Jauhar, 1993) originally classified grasses in genus Festuca into six sections on
the basis of leaf morphology and ovary structure: Bovinae, Montanae, Sub-bulbosae, Scariosae,
Ovinae, and Variae. Sects. Scariosae, Sub-bulbosae, and Montanae are believed to be relatively
unspecialized and retain more primitive characteristics (Stebbins, 1986). Two divergent
evolutionary trends emerge from these unspecialized sects.: one leading to sect. Bovinae (of
which hexaploid tall fescue is a member), and the other leading to sects. Ovinae and Variae. Of
these sects., two are of primary importance here. Sect. Bovinae (generally considered the sole
sect. in subg. Schedonorus) contains the broad-leaved fescues and sect. Ovinae (subg. Festuca)
contains the fine-leaved fescues.
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Although the two subg. Festuca and Schedonorus share many morphological characters,
evidence mounting from hybridization studies and molecular data suggest that there is
considerable evolutionary divergence between them. Therefore, Darbyshire (1993) has proposed
that the broad-leaved fescues be re-classified in the genus Lolium. He noted the overemphasis
placed upon two morphological characters —!paniculate inflorescence and presence of a lower
glume — previously used to separate this subgenus from Lolium. Instead, Darbyshire focused on
the ease of interspecific hybridization and the large number of other morphological characters
that serve to group these grasses together (Darbyshire, 1993). Indeed, numerous studies of
artificial hybrids indicate that reproductive barriers are often not appreciably greater for
interspecific hybrids than for many intraspecific crosses between members of Festuca subg.
Schedonorus, or between many species of Lolium (Jenkin, 1933; Stace, 1975). Morphological
characters that serve to group subg. Schedonorus grasses with genus Lolium include, among
others, wide, flat leaf blades and falcate leaf blade auricles not found in any related group
(Darbyshire, 1993). Additionally, cpDNA restriction site variation (Darbyshire and Warwick,
1992; Lehvslaiho et al., 1987), chromosome synaptic ability (Jahuar, 1975), and electrophoretic
mobilities of seed proteins (Bulinska-Rodomska and Lester, 1988) all support a congeneric
grouping of Festuca subg. Schedonorus with Lolium. This has important consequences for grass
taxonomy, as subg. Schedonorus contains tall fescue, meadow fescue and other agronomically
important grasses.
Alternatively, Soreng and Terrell (1997) have suggested reverting to the genus
Schedonorus P. Beauv., first created in 1812 by Beauvois, to accommodate three species:
Festuca arundinacea Schreb. (tall fescue), F. pratensis Huds. (meadow fescue), and F. gigantea
(L.) Vill. (giant fescue). They further propose a hybrid genus, x Schedololium Soreng & Terrell,
to contain several naturally occurring hybrids between these three species and those of genus
Lolium. Although the nomenclature and taxonomy of these grasses is obviously in a state of
flux, for the sake of clarity and continuity I will use the genus name Festuca when referring to
subg. Schedonorus grasses, but wish to re-emphasize the genetic differentiation and infertility of
these broad-leaved Festuca species from their fine-leaved (subg. Festuca) congenerics.
The most famous member of the broad-leaved fescues is Festuca arundinacea var.
arundinaceum [=Lolium arundinaceum (Schreb.) Darbysh., hexaploid tall fescue], well known
for its excellent herbage yield and persistence as well as resistance to many grass pathogens
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(Sleper, 1985). Tall fescue is popular where it was introduced, especially in North America, but
not considered good forage in most of its native northern European habitat. Hexaploid tall fescue
(at least the northern type, as I will discuss) is intimately related to two other European broadleaved fescues: the tetraploid Festuca arundinacea subsp. fenas Lag. Arcang (=F. arundinacea
var. glaucescens, often but invalidly called Festuca glaucescens) and the diploid F. pratensis
[=Lolium pratense (Huds.) Darbysh., meadow fescue). Additional subg. Schedonorus species are
Festuca mairei St.-Yves (not included in Darbyshire's treatment) and F. gigantea [=Lolium
giganteum (L.) Darbysh.], and the subspecies of F. arundinacea of different ploidies: the
aforementioned 6x subsp. arundinacea, the 8x Festuca arundinacea subsp. atlantigena (St.Yves) Auquier , 10x subsp. cirtensis and 10x F. arundinacea var. letourneuxiana (St. Yves)
Torrecilla and Catalán . It is believed that the 8x and 10x grasses are currently confined to the
African continent (along with the tetraploid F. mairei), as F. pratensis and Festuca arundinacea
subsp. fenas may be to Europe, but this may not always have been so. These two geographical
groups of subg. Schedonorus grasses share a fascinating relationship with each other, with some
species or varieties naturally hybridizing with others, resulting in the formation of new species.
These ideas are discussed more fully below.
1.2.8. Genus Lolium: the ryegrasses.
The genus Lolium contains grasses recognized for their high productivity, persistence, nutritional
content, and ability to adapt to a variety of environmental conditions (Jauhar, 1993).
Consequently, many species within this genus are utilized for both agricultural and recreational
purposes, as well as for their environmental role of stabilizing soils.
The classification of Lolium spp. has long been a source of contention. Based upon its
spike-like inflorescence structure, early researchers placed the genus Lolium sensu stricto (in the
narrow sense, including only Darbyshire's sect. Lolium) in the grass tribe Triticeae (reviewed in
Darbyshire, 1993). However, accumulating evidence based upon hybridization and cytology
(Jenkin, 1959), endosperm structure (Tateoka, 1962), serology (Butkute & Konarev, 1980) and
more recently, cpDNA restriction site patterns (Soreng et al., 1990), and thermal denaturation of
genomic DNA (King and Ingrouille, 1987), have supported placement of the genus Lolium in the
tribe Poeae. In the course of grass evolution, spike and panicle forms of grass inflorescences
have frequently arisen from each other (Bulinska-Rodomska and Lester, 1988), so this is a
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particularly unreliable character for identifying evolutionary relationships. Although the
difference between a fescue panicle and the ryegrass spike seems dramatic to the eye, a more
evolution-based classification system should emphasize more evolutionarily relevant characters
and genetic relationships.
1.2.9. Evolutionary origins and geographic distribution of species in subg. Schedonorus.
Building upon the notions of polyploidy and hybridization discussed above, we can begin to
propose an evolutionary history for this group of grasses. Paramount to such proposals is
information arising from cytological evaluations (chromosome number and morphology, as well
as extrachromosomal elements like satellite DNA) and hybridization studies at the species,
genus, and between genus levels. If we assume, as most grass taxonomists will argue, that
diploidy is the ancestral condition within the grass family, then two relationships emphasized by
Borrill (1972) are key: first, the relationship between Festuca scariosa (Lag.) Asch. & Graebn. (a
diploid species endemic to the Sierra Nevada region of Spain) and F. mairei (an African
tetraploid). Festuca scariosa is adapted to a dry, arid climate and has evolved quite distinctive
morphological characteristics such as reduced, highly lignified vascular strands. The 4x F. mairei
shares this vascular characteristic and, in general, strongly resembles F. scariosa and can
hybridize with it. Therefore, it can reasonably be deduced that F. mairei contains at least one
genome derived from F. scariosa. The resemblance of the Moroccan polyploids (8x Festuca
arundinacea subsp. atlantigena, 10x subspecies cirtensis and letourneuxiana) to both 4x F.
mairei and 2x F. scariosa, further suggests the presence of a “scariosa” genome in these grasses.
Despite the proposed evolutionary relationship between F. scariosa (sect. Scariosae) and the
Moroccan polyploids (sect. Bovinae, subg. Schedonorus), it is evident that there is now
considerable divergence between sects. Scariosae and Bovinae. Recent molecular data supports
this distinction (Gaut et al., 2000) and, together with hybridization studies, further supports the
inclusion of F. mairei in sect. Bovinae.
The second key relationship is between the 4x Festuca arundinacea subsp. fenas and the
European 2x F. pratensis (Borrill, 1972). The latter species has a fairly wide geographic range,
and is abundant in meadows and low-lying pastures (Borrill et al., 1976). Its range overlaps that
of both Festuca arundinacea subsp. fenas and 6x F. a. var. arundinacea (Borrill et al., 1971,
Borrill et al., 1976), which are very similar morphologically to F. pratensis. Festuca pratensis is
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also interfertile with F. a. subsp. fenas, and half of the chromosome complement of the latter pair
effectively with those of F. pratensis (Humphreys et al., 1995). Consequently, F. pratensis is
believed to have contributed a genome to F. a. subsp. fenas. Interestingly, both F. a. subsp. fenas
and F. mairei are considered allotetraploids, and may in fact share a common genome
(Chandrasekharan et al., 1972). However, the contributor of the second genome to each of these
species is clearly different and remains unknown in both cases.
As Borrill (1972) points out, the rest of the polyploids can be derived from these 4x
species. Based upon chromosome morphology (including the presence of satellite DNAs), 6x tall
fescue (specifically, the northern ecotypes) likely arose from hybridization between 2x F.
pratensis and 4x F. a. subsp. fenas. This would have given a sterile 3x hybrid, and a subsequent
chromosome-doubling event could have generated the fertile 6x grass. The findings of
Chandrasekharan and Thomas (1971) support this origin of tall fescue. Their conclusion was
based upon close morphological similarities between 6x tall fescue and an F1 hybrid created from
crossing F. pratensis with F. a. subsp. fenas, followed by chromosome doubling. They observed
normal meiotic pairing in the progeny, suggesting a stabilized hybrid. Additionally, Humphreys
et al. (1995) and Pasakinskiene et al. (1998) used DNA hybridization techniques to address the
evolution of tall fescue and found that, indeed, of the six chromosome sets in tall fescue, four
appeared to be from F. a. subsp. fenas and two from F. pratensis. However, as I will discuss
later, the heterogeneity among populations of 6x tall fescue may indicate multiple origins with
different progenitor species.
Interspecific hybrids in subg. Schedonorus also predominate in North Africa.
Chandrasekharan and Thomas (1971) and Chandrasekharan et al. (1972) bred F. mairei with F.
a. subsp. fenas, and doubled the chromosomes to get fertile 8x hybrids that were very good
imitations of the naturally occurring 8x F. a. subsp. atlantigena. Their cytological results in fact
suggest that this is the most likely origin for F. a. subsp. atlantigena. Similarly, 10x subsp.
cirtensis was probably the result of hybridizations between F. mairei and F. a. subsp. fenas (and
later, an unknown third species), or more likely between F. a. var. arundinacea and F. mairei,
again followed by doubling of chromosomes.
Findings such as those described above suggest that the genesis of tetraploids and
hybridization between them are central factors in the evolution of species in subg. Schedonorus
(Borrill, 1972). It is interesting to note that F. a. subsp. fenas is seemingly confined to Europe, as
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F. mairei is to North Africa. How then did these geographically separated species crosshybridize to produce the polyploids we see today? The answer may lie in desertification,
believed to have drastically altered the North African landscape beginning approximately 10,000
years ago. Before this time, this region was much cooler and wetter, so at that time these
tetraploids might have shared a much larger geographic range (Chandrasekharan et al., 1972). It
should also be noted that F. a. subsp. fenas and F. pratensis are reported to have been collected
in North Africa, albeit very rarely (Saint-Yves, 1922; Maire, 1955). Thus, it is not unreasonable
to propose that such natural hybridizations could have taken place prior to, or at an early stage in
the desertification of this region.
In summary, early hybridization events between diploids such as F. pratensis and F.
scariosa (and perhaps others) could have given rise to the 4x species, such as F. mairei and F. a.
subsp. fenas. Such tetraploids could then hybridize, and later, crossing between tetraploids and
higher polyploids could occur. If this scenario is correct, the most recent grasses are those with
the highest chromosome numbers [F. a. subspp. atlantigena (8x), cirtensis (10x) and
letourneuxiana (10x)], and these have been very successful in the Atlas mountains of North
Africa (Borrill, 1972).
1.2.10. Evolutionary origins of hexaploid tall fescue.
It has been proposed that 6x tall fescue evolved separately on the north and south sides of the
Mediterranean Sea (Sleper, 1985; Borrill et al., 1971). This proposition is based on the different
ecotypes from northern Europe and North Africa, and an observed lack of interfertility between
some North African and northern European tall fescue plants (Hunt and Sleper, 1981). These
ecotypes have unique characteristics adaptive to the very different environmental conditions in
those parts of the world. Those that predominate in northern Europe include the germplasm that
has contributed significantly to most cultivated tall fescue cultivars, but there is much interest
among breeders to tap the unique characteristics (e.g., excellent fall growth) of North African tall
fescue. However, intersterility between the ecotypes may make it difficult to introduce such traits
into the cultivars popular in temperate regions.
Interestingly, fungal endophyte surveys have reinforced the notion that northern and
southern tall fescue ecotypes are very distinct (Christensen, et al., 1993, Tsai et al., 1994). They
have also helped identify the actual boundary between these tall fescue groups, roughly at the
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Pyrenees and Alps, but with some overlap in Iberia and, possibly, Morocco and Italy. Most 6x
tall fescues south of the Pyrenees and the Alps, and in North Africa, harbor endophytes
(designated FaTG-2 and FaTG-3, see chapter 2) that are genetically, biochemically and
morphologically distinct from N. coenophialum (Christensen et al., 1993; Tsai et al., 1994;
Clement et al., 2001), whereas N. coenophialum is consistently found in northern European tall
fescue and in those tall fescue lineages introduced from northern Europe into North America,
Australia and New Zealand. In Chapter 3, I provide phylogenetic evidence based upon cpDNA
sequences that also place the southern tall fescues well apart from northern tall fescues. In fact, I
found that the sequences from northern European tall fescue are more similar to those of the
ryegrasses and meadow fescue than to those of the southern tall fescue ecotypes. This is well in
keeping with the longstanding observation that northern tall fescue can readily hybridize with
ryegrasses and meadow fescue, but not with North African tall fescue (Hunt and Sleper, 1981).
Clearly, these observations warrant further taxonomic revision of the hexaploids in subg.
Schedonorus.
1.3. Hybridization processes in the fungi.
1.3.1. Genetic variation and rapid evolution through introgression.
Conventional views on evolution have held that genetic variation typically arises by slow,
gradual accumulation of mutational changes resulting in novel phenotypes upon which natural
selection can act. This type of evolution is characteristic of gradual shifts in the environment, and
typically doesn’t take account of the effects of gene flow, population size and subdivision, and
rapid changes in environmental conditions.
We now appreciate the notion that sudden, dramatic changes in the immediate
environment are not only possible, but are likely over the evolutionary course of a given species.
Such instances likely do not involve entire species, but are more likely “experiments” in which
individuals or subpopulations explore the boundaries of their evolutionary potential. From this
perspective, a strong shift in natural selection can occur for a given genotype in differing
environmental conditions, as well as for a changing genotype under relatively constant
environmental conditions.
The acquisition of genetic variation need not occur over vast spans of time, but may
instead be introgressed in single, dramatic events wherein the genes of different organisms, or
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even entire genomes are combined. A commonly cited example of the former is the transfer of
antibiotic resistance genes between different species of bacteria (Maiden, 1998). Perhaps less
widely appreciated is that some of the genes responsible for production of the antibiotic
penicillin, produced by fungi such as Penicillium chrysogenum, appear to be of bacterial, not
fungal origin (Penalva et al., 1990; but see Smith et al., 1992). This suggests that genetic transfer
can even occur between distantly related organisms.
There are several key characteristics which Brasier (1995) suggests make the fungi
(especially ascomycetes) particularly well suited to rapid microevolution: a combination of
haploid-based genetic systems, fast reproductive rates, and hyphal anastomosis that allows
genetic exchange at intraspecific and even interspecific taxonomic levels. While some of these
characteristics act to accelerate evolution via mutation or expression of mutations, others such as
anastomosis can result in genetic introgression to varying degrees. Introgression need not be
limited to one or a few genes and may in fact involve combinations of much or all of the genome
of each interacting organism, resulting in a hybrid. Hybridization can generate an entirely unique
genetic entity to interface with a new ecological niche. In the case of fungal symbionts, both
mutualists and pathogens, such niches include the hosts from which they derive their sole source
of nutrition.
1.3.2. Episodic selection in response to environmental disturbance.
Plant disease epidemics resulting from the introduction of exotic fungal pathogens into new
ecological niches is a well-known phenomenon. Examples of such devastating fungal invasions
include chestnut blight and Dutch elm disease. It has been proposed that such epidemics often
result from a lack of previous interaction between the specific fungus and its new susceptible
host (Brasier, 2001). As such, the host has had no selective pressure to evolve resistance
mechanisms to a pathogen it has never, or rarely encountered. This scenario illustrates the
fundamental notion of a change in the evolutionary potential of an organism following a
disturbance of its normal ecological niche, and has been termed "episodic selection" (Brasier,
1986, 1995).
The consequences of invading a novel environment include potential interactions with the
resident microbial community. If we assume that such translocations often involve infection of
host related to its native host, the exotic pathogen may encounter a closely related resident
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pathogen population. If there is sufficient niche overlap between them, competition for resources
is likely to ensue and both may be subject to episodic selection. One potential outcome of such
events is that the exotic pathogen infects the new host only transiently, and cannot successfully
adapt to its new niche. Alternatively, the resident fungal population or species may be
outcompeted for resources and eventually replaced, especially if the newcomer exhibits greater
virulence on the shared host. Another alternative is that the two fungi interact either sexually or
parasexually, resulting in the exchange of genetic information. The fate of the resulting
organism would depend upon its own ability to effectively utilize and compete for resources,
quite possibly against the very progenitors from which it arose. It seems likely that all of these
outcomes may result from interaction between cohabiting fungi, yet while two of these scenarios
result in extinction of one or the other fungal strain, hybridization results in a novel genetic
organism with unique fitness advantages, possibly to the detriment of its host and one or both of
its progenitors.
Once thought to be rare or nonexistent in nature, examples of interspecific hybrids have
been found to occur in most of the major fungal phyla, as well as the oomycetes (Schardl and
Craven, 2003). Some of these hybrids may have resulted from sexual crosses at the intra- and
interspecific level, without the ensuing meiotic genome reduction (Emerson and Wilson, 1954).
Others, such as the grass endophytes, appear to have arisen from a parasexual process in fungi
termed hyphal anastomosis (fusion) (Tsai et al., 1994; Giovannetti et al., 2001). In this process,
vegetatively compatible hyphae of different fungi fuse and nuclei are mixed (Caten, 1981) (the
issue of vegetative compatibility is discussed below). In some instances, as in arbuscular
mycorrhizal fungi (AMF) of order Glomales (phylum Zygomycota), these multiple nuclei remain
distinct within each cell of the multinucleate hyphae, which are then termed heterokaryotic
(Giovannetti et al., 2001). These AMF have multinucleate spores that apparently can also remain
heterokaryotic (Sanders et al., 1995). Alternatively, in some fungal hybrids the nuclei fuse
(karyogamy), thereby combining the genetic material. These types of events are dramatic
examples of mechanisms for rapid generation of genetic diversity in the fungi, and we are just
beginning to understand the mechanisms that regulate hybrid formation and the environmental
conditions under which hybridization may occur.
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1.3.3. Species concepts in the fungi.
In order for a hybrid to be considered interspecific, its parents must be recognized as distinct
species according to established criteria (Claridge et al., 1997; Taylor et al., 2000). Three criteria
are typically utilized to characterize different groups of fungi and oomycetes: morphological,
biological, and phylogenetic species concepts. The morphological species concept (MSC) is the
traditional Linnaean approach based on phenotypic characters. A benefit of this approach is that
it is amenable for use on fossilized samples, enabling ancestral characteristics to be evaluated
alongside extant taxa. Further morphological characters are easily observable, and the broad
popularity of this classification method provides a wealth of information integrated into a wellestablished framework. Difficulties with this approach involve gross morphological changes in
response to environmental conditions (i.e., phenotypic plasticity), genetic polymorphisms or,
conversely, a lack of discernable physical characters useful for discriminating species
boundaries.
A biological species concept (BSC; Mayer, 1940) is often utilized instead of, or to
supplement, the MSC, and is based upon interfertility relationships. Members of the same
biological species should be capable of mating with each other when they have compatible
mating types and possess the requisite female and male fertilities. Although this concept imparts
a level of biological relevance, and is often easy to apply to the fungi through artificial matings,
it also has serious limitations. Approximately 20% of fungi are asexual and have no known
sexual stage, thus prohibiting application of a BSC in these instances. Further, the ability to
artificially mate fungi in the laboratory does not confirm that such interbreeding actually occurs
in nature. As such, the BSC may not be as biologically relevant as it appears, and may be
overestimating actual gene flow.
The third criterion defines a phylogenetic species as the smallest diagnosable cluster
(monophyletic group) of individual organisms within which there is a pattern of ancestry and
descent (Cracraft, 1983). The growing popularity of the phylogenetic species concept (PSC)
among mycologists arises from intractable problems for morphological and biological species
concepts. DNA sequence polymorphisms are quite commonly used as informative characters for
classification because they are not affected by environmental factors and represent direct records
of genetic evolution. The conservation of the genetic code and the commonality of many genes
allow direct comparison across widely disparate lineages, providing a record from very recent
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time to the origins of life itself. The main problems with the PSC involve determining which
characters are evolutionarily relevant, and which monophyletic groups mo correspond to the
species level of taxonomic rank. Furthermore, the common assumption of cladistic speciation,
which predicts species monophyly, is probably violated in some instances (Avise and
Wollenberg, 1997; Craven et al., 2001b), and hybridization between species can obscure species
boundaries in phylogenetic analyses. These caveats notwithstanding, the phylogenetic species
concept is a very powerful and effective means for establishing an evolutionary basis for fungal
systematics.
1.3.4. Evidence for enhanced fitness by introgression.
The potential for gene transfer to confer pathogenicity is evident from the analysis of genes
found on a dispensable, supernumerary chromosome of the pea pathogen, Nectria haematococca.
This chromosome contains genes directly conditioning pathogenicity by killing host cells, a
pisatin demethylase gene (pda) that functions to detoxify the host defensive phytoalexin pisatin,
and a gene allowing utilization of homoserine as a sole carbon and nitrogen source (Han, 1999;
reviewed in Gabriel, 1999). If a single gene encoding a key enzyme is artificially transferred
from N. haematococca to Cochliobolus heterostrophus, normally a maize pathogen, the fungus
becomes a foliar pathogen of pea (Schäfer et al., 1989).
Hybridization between fungi may provide a means for introgression of fitness-enhancing
genes. In some cases, hybrid fungi can be artificially generated in the laboratory after which they
can be evaluated for enhanced fitness. One example involves somatic interspecific hybrids
formed between the insect pathogens Beauveria bassiana and B. sulfurescens (Viaud et al.,
1998). Some of these hybrids were not only genetically stable after passage through the host
insect, but exhibited a hypervirulent phenotype when compared to the parental strains. This
finding suggests that horizontal gene transfer, such as accompanies hybridization, can rapidly
confer pathogenicity. As will be discussed below, enhanced pathogenicity is not the inevitable
result of fungal hybridization. Indeed, examples exist wherein hybrid fungi interact
mutualistically with their hosts. The key concept is that such hybrids can survive and be fit.
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1.3.5. Genetic mechanisms of fungal hybridization.
As mentioned above, hybridization in the fungi can occur through either sexual or parasexual
processes with each involving different genetic compatibility requirements. Sexual hybridization
requires compatibility in mating type (mat) loci, which serve to promote outcrossing for the
generation of genetic variability (Glass and Kuldau, 1992). While hybrids formed from an
intraspecific mating (i.e. a normal sexual cross) would likely be reduced back down to the
haploid or dikaryotic state following meiosis, interspecific crosses may or may not result in
meiotic reduction if, for example, the chromosomes are too divergent to pair or segregate
properly.
Conversely, somatic hybridization in the fungi (the parasexual cycle) results from hyphal
anastomosis, and is typically governed by the presence or absence of vegetative compatibility
groups (VCGs). For two individuals to form a viable heterokaryon, they must share alleles at all
of several loci, and anastomosis between members of different VCGs results in the destruction of
the interacting hyphae (Leslie, 1993; Glass and Kuldau, 1992). One hypothesis is that such a
system likely acts to maintain genetic identity (in contrast to the mating system) and limit the
spread of detrimental cytoplasmic elements such as viruses (Nauta and Hoekstra; 1994).
Therefore, fungal genera in which vegetative incompatibility is common (many VCGs) are
severely restricted with regards to other fungi with which they can parasexually hybridize. While
vegetative incompatibility is common among most fungi, examples have emerged where there is
no evidence for such as system. Using complementation tests with nitrate-utilization mutants,
vegetative incompatibility seems to be lacking in Magnaporthe grisea (Crawford et al., 1986)
and all tested species of Epichloë endophytes (Chung and Schardl, 1997).
1.3.6. Potential for the generation of novel pathogens by hybridization.
Hybridizations between fungal or oomycete species (or populations) with different ecological
niches could generate “superpathogens” with novel host specificities (Brasier, 1995) or with
combined host ranges of their parent species. Newcombe et al. (2000) described a new rust
species, Melampsora x columbiana, that is an apparent hybrid between M. medusae and M.
occidentalis. Their proposal of the hybrid nature of this rust is based upon the presence of two
polymorphic nucleotide positions in the ITS sequence of the nuclear rDNA. The polymorphisms
were considered diagnostic for one or the other parent species. The natural host of M. medusae is
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Populus deltoides, while that of M. occidentalis is P. trichocarpa, both North American species.
The apparent hybrid, M. x columbiana, can infect both of these hosts with variable levels of
virulence/avirulence. The authors discuss the potential for M. x columbiana to act as a genetic
bridge between the two parental species, providing a mechanism of gene flow and potentially of
transfer of pathogenicity genes.
The scenario in the oomycete genus Phytophthora (kingdom Chromista, phylum
Oomycota) is even more striking. Artificial interspecific hybrids of Phytophthora spp. have been
generated in the laboratory by fusing uninucleate zoospores of P. capsici (pathogenic on radish
and tomato) and P. nicotianae (pathogenic on lemon and tomato) (¢Ersek et al., 1995). While one
hybrid lost the ability to infect host plants of either parent, some were pathogenic on all three of
these hosts.
In another study, a newly discovered group of aggressive Phytophthora spp. isolates
pathogenic on alder (Alnus spp.) appears to comprise natural hybrids (Brasier et al., 1999). The
proposed ancestors to this group — based upon shared phenotypic characters — are a P.
cambivora-like species and an unknown taxon similar to P. fragariae, although these data are not
entirely consistent with ITS and AFLP data. Typical karyotypes of these diploid Phytophthora
progenitors show that the genomes are composed of 10-12 chromosomes. In contrast, the
chromosome number of nine Phytophthora sp. isolates from alder was n=18-22, implying that
the original hybrid was a tetraploid. Intriguingly, these descendants of the original hybrid have
apparently gained a novel host specificity, as neither of the proposed parents are known to infect
alder (Brasier et al., 1999). The hybrid Phytophthora sp. also has an unusual level of
morphological variation, and appeared to be developmentally unstable (as measured by frequent
failure in meiotic chromosome-pairing), leading Brasier et al. (1999) to suggest it is of recent
origin and has an actively evolving genome.
Another system in which fungal hybridization may have had a major consequence is
Dutch elm disease, a vascular wilt responsible for the extensive destruction of elm trees on a
global scale. This pandemic has occurred in two major waves: the first caused by the
ascomycetous vascular wilt pathogen Ophiostoma ulmi in the early 1900's, and the second and
current crisis of which another species, O. novo-ulmi, is responsible. This second pathogen is
considerably more virulent than O. ulmi, and differs in many morphological, behavioral, and
molecular characteristics (Brasier, 1991; Pipe, Buck and Brasier, 1995). Ophiostoma novo-ulmi
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exists as two morphologically and molecularly distinct races or forms: a Eurasian race (EAN)
thought to have appeared in the Romania-southern Ukraine area in the 1940's, and a North
American race (NAN) appearing first in the southern Great Lakes area (Brasier, 1979, 1990).
Both have since spread rapidly, and their aggressiveness has resulted in gradual replacement of
native O. ulmi populations.
During the initial stages of this succession, it is likely that there was considerable
interaction between these two species as they shared the same ecological niche, especially in the
breeding galleries of their scolytid beetle vector (Webber and Brasier, 1984). Such proximity
may enhance the probability of hybridization between O. ulmi and O. novo-ulmi. Indeed, in 1998
Brasier et al. investigated 11,000 fungal isolates obtained from bark samples collected
throughout Eurasia and N. America. Of these, nine isolates from Poland and Portugal exhibited a
combination of cultural characteristics and mating behavior commonly observed in either O.
ulmi or O. novo-ulmi. This variability was also observed in the rare progeny derived from
artificial crosses of O. ulmi and O. novo-ulmi in the laboratory. Brasier et al. (1998) conducted
molecular analyses (RAPDs, RFLPs, and cerato-ulmin gene sequences) of these naturally
occurring isolates alongside O. ulmi and O. novo-ulmi, which can readily be discriminated from
one another by unique DNA polymorphisms. They found that each of these isolates had RAPD
profiles including both O. ulmi and O. novo-ulmi DNA polymorphisms. Additionally, two
isolates had ribosomal RFLP patterns typical of O. novo-ulmi, but cerato-ulmin gene sequences
typical of O. ulmi. These data are highly suggestive that each of these isolates represents a
unique interspecific hybrid. These hybrids appeared relatively unfit (based upon vascular wilt
ability) compared to O. ulmi and O. novo-ulmi and were often female sterile, suggesting the
likelihood that the hybrids are usually rare and transient.
An analogous situation has been observed in the forest pathogen, Heterobasidion
annosum (phylum Basidiomycota). This fungus is regarded as a complex species containing at
least three intersterility groups (ISGs = F, P, and S). However, in H. annosum mating barriers are
often incomplete and low levels of fertility between ISGs have been demonstrated (Chase et al.,
1989; Stenlid and Karlsson, 1991). The different ISGs are often associated with different hosts:
the P ISG is primarily pathogenic on trees in the genera Pinus, Juniperus, and Calocedrus; the S
ISG infects host genera Picea, Abies, Pseudotsuga, Tsuga, and Sequoiadendron; and the F ISG
has only been found on Abies alba in regions of southern and central Europe (Korhonen and
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Piri, 1993; Otrosina and Cobb, 1989; Capretti et al., 1990). However, a study by Garbelotto et al.
(1996) found that ISGs S and P were often found to infect the same host genus at several sites in
California forests. Both were found on pine, incense cedar, and western juniper and were
distinguishable based upon RFLP and isozyme analysis, as well as somatic compatibility tests.
Also found on these hosts were hybrid isolates possessing combined S and P ISG genotypes. In
fact all three (S, P, and the hybrid SP) were found on the same stump of ponderosa pine. The
authors speculate that cut stumps of trees become infected by both S and P ISGs, and may
thereby provide an environment conducive to hybridization. Interestingly, virulence on pines of
laboratory S-P hybrids was strictly associated with the presence of a mitochondrial genotype
from P (Olson, Stenlid, 2001), demonstrating the utility of hybrids in identifying genetic factors
influencing host specialization.
1.3.7. Potential for the generation of novel mutualists.
In contrast to the above notion of successful fungal hybrids as “superpathogens” that can
devastate their hosts, we also find examples of hybrids that interact mutualistically with host
plants. Among the possible examples are arbuscular mycorrhizal fungi (AMF) in the order
Glomales. These organisms are believed to have been asexual for approximately 400 million
years (Kuhn et al., 2001; Rosendahl & Taylor, 1997), and likely accompanied (as symbionts) the
first plants to emerge on land (Remy et al., 1994).
Studies conducted on the genomic structure and organization of AMF fungi have yielded
some fascinating insights into their evolution. Single spores isolated from members of the genus
Glomus show a remarkable level of polymorphism in nuclear rDNA encoding the 5.8S and 18S
ribosomal RNAs (Sanders et al., 1995; Lloyd-McGilp et al., 1996). This finding is surprising,
given that the multiple rDNA copies of an organism are typically homogeneous due to concerted
evolution (Ganley and Scott, 2002; Szostak and Wu, 1980). Even more surprising is that when
the divergent 18S rRNA gene sequences from a single spore of Scutellospora castanea were
subjected to phylogenetic analysis alongside those from other genera in the Glomales, two of
these sequences clustered within a clade otherwise containing sequences from genus Glomus
(Hosny et al., 1999). This result is highly suggestive of hybridization generating a lineage in
which distinct gene copies are maintained within a single nucleus (heterokaryotic). As these
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AMF are believed to be strictly asexual, such hybridizations likely occur through hyphal
anastomosis.
As discussed earlier in this chapter, many Neotyphodium species, the asexual seedborne
grass endophytes, also fit into this category of hybrid mutualists. These fungi are the best
genetically characterized hybrids, likely arising from parasexual anastomosis between distinct
sexual Epichloë species (Tsai et al., 1994; Schardl et al., 1994; Moon et al., 2000). In fact, the
highly mutualistic tall fescue endophyte, Neotyphodium coenophialum, appears to have been the
result of two separate hybridization events (Tsai et al., 1994). Chapter 2 of this dissertation
documents several Neotyphodium hybrids in the grass tribe Poeae, and their prevalence and
significance are discussed therein.
1.3.8. Concluding remarks.
Several key concepts are emerging from studies of fungal hybrids: 1) Hybridization appears to be
widespread among fungal phyla, with examples arising in the Ascomycota, Basidiomycota,
Zygomycota, as well as the Oomycetes; 2) Such hybridization events must be preceded by
contact of some sort between progenitor species, thus allowing somatic or sexual hybridization to
occur. 3) Such contact may actually alter the selective forces on these progenitors, such that
hybridization arises as an alternative to extinction or niche exclusion; 4) Following such events,
it seems likely that these hybrids begin new evolutionary trajectories, which may result in
periods of episodic selection where these organisms can rapidly spread and potentially exclude
their progenitors from the shared niche. Alternatively, the hybrids may gain the ability to
colonize new niches, thus exploiting previously untapped resources; 5) Many of the hybrids
appear to have enhanced fitness characteristics that enable them to compete successfully for
resources, or to colonize new hosts. Along these lines, it is important to note that the trend of
these hybrids is not always towards pathogenesis, but can also result in successful mutualists, as
evidenced by the grass endophytes. The key concept is that whether a newly formed fungal
hybrid will persist in nature is directly related to the relative fitness of the hybrid. In some
instances, the hybrid gains enhanced fitness through increased pathogenicity that excludes
competitors, or the capacity to colonize new hosts to reduce competition. However, in other
hybrids like the Neotyphodium spp. endophytes of grasses, the selective benefits may include the
pyramiding of protective alkaloid genes and the replacement or augmentation of dysfunctional
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genes arising from an asexual lifestyle. Both pathogenic and mutualistic hybrids persist due to
natural selection, yet the consequences for the host are dramatically different.
The most common phenomenon following fungal hybridization is likely to be lineages
that are maladapted either in an extreme fashion — such as cytological incompatibility leading to
irregular meiotic behavior — or perhaps more subtly through decreased competitiveness for
resources compared to their progenitors. If we assume such hybrids are, at least initially,
sympatric with their progenitors, then it seems reasonable to assume that these progenitors often
are their primary competitors. The end result of such interactions for the newly emerged hybrid
might typically be extinction. However, the notion of these transient fungal hybrids acting as
genetic bridges facilitating gene flow between the progenitor species seems reasonable. In some
instances, it seems likely that hybridization is quite advantageous. When this is indeed the case,
hybrids may overtake their progenitors, or colonize different ecological niches altogether.
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Chapter Two
Survey of endophyte-infected grasses in the tribe Poeae
2.1. Introduction
The majority of grass tribes within the grass subfamily Pooideae (cool-season grasses) have been
shown to harbor systemic fungal endophytes classified in the closely related genera Epichloë and
Neotyphodium (White, 1987; Clay and Leuchtmann, 1989; Schardl et al., 1997). These fungi
systemically infect the intercellular spaces of their hosts, typically without inciting any
symptoms of disease. The primary distinction that segregates grass endophytes into one of these
two genera is the presence of an external, sexual stage (genus Epichloë), or the complete lack of
one (genus Neotyphodium) (Glenn et al., 1996).
The sexual stage of Epichloë spp. is antagonistic to seed development in the host. The
fungal fruiting structure (stroma) arises from profuse hyphal growth that emerges externally to
envelop and arrest the development of immature grass inflorescences (grass choke disease),
resulting in decreased numbers of seed-producing tillers (Chung and Schardl, 1997). However,
several Epichloë endophytes are also capable of non-destructively colonizing the ovarian tissues
of their host, resulting in transmission through the seed (Freeman, 1904; Phillipson and Christey,
1986; White et al., 1991). Asexual Neotyphodium endophytes spend their entire life cycles within
host tissues and require seed-transmission for dissemination. Many are transmitted at frequencies
approaching 100%, thus effectively propagating the symbiosis in successive host generations
(Clay and Schardl, 2002).
Several endophytes confer significant biological protection to their hosts from a variety
of grazing insects and mammals. These defensive properties are primarily due to toxic
metabolites produced by the fungus in these associations (Clay et al., 1993; Siegel et al, 1990).
Fescue toxicosis, a malady inflicted on cattle grazing intensively on infected tall fescue
(=Festuca arundinacea Schreb.), is due primarily to ergot alkaloids produced by the asexual
endophyte Neotyphodium coenophialum Morgan-Jones and W. Gams (Bacon et al., 1986; Glenn
et al., 1996). Similarly, indole-diterpenoids such as lolitrems, produced by the fungus
Neotyphodium lolii (Glenn et al., 1996; Latch et al.,1984) in association with perennial ryegrass
(=Lolium perenne L.) are responsible for “ryegrass staggers” in sheep (Gallagher et al., 1984).
Further, enhanced competitiveness, nutrient aquisition, and protection against abiotic stresses,
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such as drought, have also been documented in endophyte-infected plants (Malinowsky and
Belesky, 2000; Arechavaleta, 1989). As such, endophytes can significantly affect the health and
persistence of their grass hosts.
Epichloë endophytes have been grouped into ten distinct species based upon mating tests,
host specificity, morphology, isozyme profiles and DNA sequence data (Leuchtmann and
Schardl, 1998; Leuchtmann, 1994; Schardl and Leuchtmann, 1999; White, 1993). For most
species of Epichloë, there is good congruence between species designations based upon
interfertility relationships (biological species), morphological traits, and multiple gene
phylogenetic analyses (Craven et al., 2001b). As Neotyphodium endophytes lack a sexual stage,
and thus cannot be characterized using interfertility criteria, molecular methods have become
increasingly important. Isozyme data and gene sequences from introns of the b-tubulin gene, the
internal transcribed spacers of the ribosomal RNA genes and, more recently, introns from
translation elongation factor 1-a (tef1) and microsatellites, have been particularly useful for their
classification (Leuchtmann, 1994; Moon et al., 1999; Schardl et al., Tsai et al., 1994). A major
phenomenon emerging from these studies is that Neotyphodium endophytes appear to have
evolved either directly from single Epichloë species or, more commonly, from interspecific
hybridization of distinct Epichloë species (Schardl et al., 1994, Tsai et al., 1994). Both of these
evolutionary mechanisms are apparent in the case of the asexual perennial ryegrass (=Lolium
perenne L.) endophytes: N. lolii and LpTG-2 (for Lolium perenne taxonomic group-2; Schardl et
al., 1994). While N. lolii (the most common symbiont found associated with L. perenne) has
single tub2 and rITS sequences that are derived from E. festucae, LpTG-2 has two tub2 genes of
which one was inherited from E. festucae (or N. lolii). The second gene copy is derived from an
E. typhina genotype also infecting L. perenne. In this case, the authors proposed that LpTG-2
was derived from a hybridization event between the asexual endophyte N. lolii (contributing the
E. festucae tub2 copy) and the sexual E. typhina endophyte, all three of which currently infect
the same host species. This study, and a similar one (Tsai et al., 1994) involving three distinct
asexual endophytes infecting tall fescue [FaTG-2 (Festuca arundinacea taxonomic group-2),
FaTG-3, and the aforementioned N. coenophialum], were the first genetic documentations of
interspecific fungal hybrids. Since these reports, 29 additional asexual Neotyphodium endophytes
have been isolated (Moon et al., 2002; Craven et al., 2001a; Moon et al., submitted), 21 of which
are unique genetic hybrids.
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The preponderance of hybrid Neotyphodium endophytes in agriculturally important
grasses in tribe Poeae (such as tall fescue and perennial ryegrass) leads to the question of
whether asexual hybrids are more widely prevalent among other species in this tribe. In this
chapter, I report on the evolutionary origins of Neotyphodium and Epichloë endophytes from
several grasses in the tribe Poeae, including grass species not commonly used as sources of
forage including: Poa autumnalis Muhl., P. sylvestris A. Gray, P. ampla Merr., Festuca
arizonica Vasey., F. obtusa Spreng., F. altissima All., and F. paradoxa Desv.. Heterozygous
loci, suggestive of a hybrid nature, have been reported in isozyme profiles for the isolate from
F. altissima included in this study, as well as for endophytes from F. obtusa, P. autumnalis, and
P. sylvestris (although the particular isolates here have not been tested) (Leuchtmann and Clay,
1990; Leuchtmann, 1994). The F. altissima endophyte was particularly striking both in the
number of heterozygous loci (7 out of 12), and the number of unique alleles (10), suggesting
considerable genetic divergence from the other endophytes included in the study (Leuchtmann,
1994). Genetic and morphological diversity also have been described for endophytes infecting
F. arizonica (An et al., 1992; White and Cole, 1987), and all appear to be asexual. In fact, of the
endophytes included here, only the endophyte in P. ampla has been observed to produce
stromata (with the exception of a rare stroma reported on one tiller of P. sylvestris; Clay and
Leuchtmann, 1989), indicating it likely belongs in genus Epichloë. The remainder all appear to
be strictly seed-borne, asexual Neotyphodium endophytes.
Utilizing mostly intron regions of genes encoding tub2 and translation elongation factor
1-alpha (tef1), I have elucidated the likely ancestral relationships of these endophytes.
Additionally, tef1 gene sequences from LpTG-2 from L. perenne, and FaTG-2 and FaTG-3 from
F. arundinacea (all with two tub2 genes; Schardl et al., 1994; Tsai et al., 1994) were analyzed.
From these results, as well as morphological character analyses, I provide evidence of unique
evolutionary origins for the three Neotyphodium hybrid species infecting P. autumnalis,
F. altissima, and F. paradoxa. The endophyte isolates from P. sylvestris and F. obtusa appear to
be asexual, non-hybrids like N. lolii. Additional support for hybrid origins of FaTG-2, FaTG-3,
and LpTG-2 is obtained from tef1 gene sequences, and an expanded host range is indicated for
the South American endophyte, N. temblederae (Cabral et al., 1999). The importance of
hybridization in genus Neotyphodium is discussed as a mechanism of generating genetic
diversity that may be crucial to the development and maintenance of these symbioses.
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2.2. Materials and Methods.
2.21. Biological materials.
The fungal endophyte strains, and the hosts from which they were isolated are listed in Table 2.1.
All isolated endophytes are designated with a host abbreviation, followed by a taxonomic group
(TG) designation. For example, the endophyte isolated from Festuca altissima is referred to as
FalTG-1, for F. altissima taxonomic group one.
Grass plants listed were propagated from seed or from tillers of originally infected plants
and maintained in the greenhouse. A culture of Neotyphodium huerfanum White, Cole and
Morgan, originally isolated from Festuca arizonica, was obtained from the American Type
Culture Collection (ATCC; Manassas, Virginia). Dr. A. Leuchtmann (ETH Zürich, Switzerland)
provided the Neotyphodium isolate (FalTG-1) from F. altissima. Cultures were deposited at
either ATCC or Centraalbureau voor Schimmelcultures (CBS; Utrect, the Netherlands).
Herbarium specimens were prepared using the method of Pollack (1967) and deposited in the
Cornell University Plant Pathology Herbarium (CUP).
2.22. Isolation of endophyte from infected plant tissue.
Young, mature leaves were surface sterilized with a 95% ethanol rinse, 70% ethanol for 2
minutes, and 10% commercial bleach (= 0.4% sodium hypochlorite) for 3-5 min, followed by
three washes with sterile water. Two tillers were sampled from each plant. The leaf sheath and
lower region of the blade were then cut into 1-5 mm transverse sections and placed on potato
dextrose agar (PDA; Difco Laboratories, Detroit, Michigan) containing 100 µg mL-1 each of
benzylpenicillin (Sigma Chemical Co., St. Louis, Missouri) and streptomycin sulfate (Sigma
Chemical Co.). The plates were sealed with parafilm and incubated in the dark at 22˚C for up to
6 weeks.
2.23. Morphological examination of endophyte strains in culture.
To ensure that endophyte isolates were pure strains, each was single-spore streaked on PDA
three times in succession, with a colony arising from a single spore (conidium) serving as the
source of spores for the next round. After three rounds, mycelia from pure cultures of each
isolate were ground with a mini-pestle in a microcentrifuge tube containing 250 µL of sterile
water. Approximately 100 µL was spread on a water agar plate and the remaining 150 µL was
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drop-inoculated onto PDA. Pictures of conidia, conidiophores and hyphae were taken from
blocks excised from the water agar plate and placed on glass slides and lightly covered with a
coverslip. All photos are at 100 X and were taken on a Zeiss Axioskop microscope using a
digital Axiocam camera. Condium, condiophore, and hyphal dimensions were recorded, with 20
measurements for each isolate. To determine whether the spores were uninucleate, they were
stained with 4’, 6-diamidino-2-phenylindole (DAPI) staining as previously described (Craven et
al., 2001a).
2.24. Assessment of endophyte growth rate.
Small agar blocks (ca. 1mm2) were excised from the edges of actively growing fungal colonies
and used to inoculate PDA plates, with eight inoculations per endophyte strain. FazTG-2 and N.
huerfanum ATCC64040 were not examined. Plates were incubated in the dark at 22˚C. Colony
diameter measurements were taken at 7, 14, and 21 days following inoculation. Each colony
measurement was taken as an average of two bisecting diameters. Photographs of colonies were
taken at 28 days.
2.25. DNA isolation.
Total genomic DNA was isolated by the method of Al-Samarrai and Schmid (2000) with slight
modification. Mycelium for each endophyte was cultured on PDA plates overlaid with sterile
cellophane. Thirty to fifty milligrams of freeze-dried mycelium in liquid nitrogen was ground to
a fine powder with a mortar and pestle. The ground mycelium was suspended in 1 mL of lysis
buffer [40 mM tris hydroxymethylaminomethane (Tris) acetate, 20 mM sodium acetate, 1 mM
disodium ethylenediaminetetraacetic acid (EDTA) and 1% sodium lauryl sulfate, pH 7.8]. Two
µL of RNase A solution (10 mg mL-1; Boehringer Mannheim, Mannheim, Germany) was added
and the mixture was pipetted until frothy. The resulting slurry was transferred to a 2 mL
microcentrifuge tube and mixed with one-third volume of 5 M NaCl by inversion. The tube was
then centrifuged 10 min at 15,000 g. The supernatant was transferred to a new tube and
sequentially extracted with equal volumes of 25:24:1 phenol:chloroform:isoamyl alcohol (v/v),
and 24:1 chloroform:isoamyl alcohol (v/v), centrifuging 10 min at 15,000 g between extractions.
DNA was precipitated with 2 vol 95% ethanol, and pelleted by centrifugation 5 min at 15,000 g.
The pellet was drained and dried briefly, washed twice with cold 70% ethanol, and allowed to
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air-dry. DNA was redissolved in 200-500 µL of purified water (Milli-Q; Millipore Corp.,
Bedford, Massachussets). DNA concentrations were determined using a Hoefer DyNA Quant
200 fluorometer as described previously (Moon et al., 1999).
2.26. Amplification of b-tubulin and translation elongation factor 1-a genes.
The 5' portions of the beta-tubulin genes (tub2), including the first three introns, were amplified
by PCR using primers (tub2-exon1d-1 and tub2-exon4u-2; listed in Tab. 2.2) complementary to
conserved coding regions as previously described (Byrd et al., 1990). The 5' portion of
translation elongation factor 1-alpha (tef1), including the first five introns, was amplified with
primers tef1-exon1d-1 and tef1-exon5u-1 (Craven et al., 2001b).
Reactions were performed in 50 µL volumes containing15 mM Tris-HCl, 1.5 mM MgCl2,
50 mM KCl, pH 8.0 in the presence of 200 µM of each deoxynucleotide triphosphate (dATP,
dCTP, dGTP, and dTTP; Panvera, Madison, Wisconsin), 200 nM of each primer (Life
Technologies, Gaithersberg, Maryland), 0.025 U µL-1 Amplitaq Gold DNA polymerase (PE
Applied Biosystems, Foster City, California), and 10 ng of fungal genomic DNA. Reactions
were performed in a PE Appplied Biosystems DNA thermal cycler (Foster City, California), with
a 9 min incubation at 95°C to activate the enzyme, followed by 35 cycles of 1 min at 95°C, 1
min at 55°C, and 1 min at 72°C. Water blanks were included as negative controls to identify any
contamination. All amplification products were verified by 0.8 % agarose gel electrophoresis,
followed by visualization with ethidium bromide staining under uv light. The concentration of
purified products was estimated by comparison with a 100 bp quantitative ladder (Panvera).
2.27. DNA sequencing.
Amplified products were purified for sequencing using Quiaquick spin columns (Quiagen Inc.,
Valencia, California). Products were sequenced by the Sanger method (Thomas & Kocher, 1993)
with a Perkin-Elmer GeneAmp PCR System 2400 using rhodamine-labeled dideoxynucleotide
triphosphates or BigDye Terminator Cycle sequencing kit (PE Applied Biosystems). Both DNA
strands were sequenced using amplification primers and primers annealing to internal regions of
the amplified product. Products were separated by capillary electrophoresis on an ABI Prism
model 310 genetic analyzer (PE Applied Biosystems) and analyzed with Sequencing Analysis
Version 3.0 software (PE Applied Biosystems).
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The presence of multiple dye terminator peaks at single nucleotide positions indicated
multiple gene copies with polymorphisms at these positions. In these cases, selective primers
were designed (listed in Table 2.2) with identical sequences except the 3'-end nucleotide, which
was based upon the polymorphic site. Each set of selective primers was used to separately
amplify each gene copy, which was then unambiguously sequenced. Unique gene sequences thus
identified were deposited into GenBank and accession numbers are listed in Table 2.3.
2.28. Phylogenetic analysis.
Sequences from this study and from representative strains of Epichloë spp. (Craven et al., 2001b)
were aligned using the PILEUP program implemented in SEQWeb Version 1.1 with Wisconsin
Package Version 10 (Genetics Computer Group, Madison, Wisconsin). Sequences obtained
previously for N. temblederae (Moon et al., 2002) were included in the analysis. PILEUP
parameters were adjusted empirically; a gap penalty of two and a gap extension penalty of zero
resulted in accurate alignment of intron-exon junctions, and in a reasonable alignment of intron
regions. Alignments were scrutinized by eye.
Gene trees were created from aligned sequences using PAUP* version 4 (Swofford,
1998). Maximum parsimony (MP) analysis employed the branch and bound option for exact
solutions. For parsimony analysis, character changes were unweighted and unordered, with gaps
treated as missing information. Tree roots were estimated by midpoint rooting. Robustness of the
inferred phylogenies was estimated using 1000 bootstrap replications under MP criteria and a
fast-heuristic search option with simple stepwise addition of sequences and tree bisectionreconnection branch swapping. All branches receiving 70% or higher bootstrap values were
considered well supported. For distance-based analysis, neighbor-joining (NJ) trees were
constructed using a Kimura two-parameter distance matrix (assuming a transition to transversion
ratio=2.0). Maximum likelihood (ML) trees were constructed using the PUZZLE search option.
A Hasegawa-Kishino-Yano model was employed assuming a transition/transversion ratio of two.
2.3. Results
2.31. Endophyte isolation and morphology.
Fungal colonies with characteristics of Epichloë and Neotyphodium species were isolated from
surface-sterilized grass pieces of the grasses listed in Table 2.1, usually from both leaf sheath and
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blade material. Colony growth rates and dimensions of conidia are given in Table 2.4. Conidia of
all isolates were uninucleate. Among these isolates, those from F. obtusa (Fob-TG-1), P.
sylvestris (PsyTG-1), P. ampla (PaTG-1), and L. perenne (LpTG-2) were the quickest to emerge,
usually within 7-10 days. Colonies from the former three grasses were typically felted in
appearance, and had the fastest radial growth rates. LpTG-2 was intermediate in radial growth
(although greater than N. lolii; data not shown) and convoluted in appearance. Most other
isolates took 2-3 weeks to grow out in culture, but the isolate from F. paradoxa (FpaTG-1) took
approximately 4 weeks. Most host-associated strains produced abundant conidia, although to
varying degrees. In contrast, FpaTG-1 produced much fewer conidia, and the hyphae quickly
became vacuolated in culture. This isolate was also the most difficult to subculture and, in
general, appeared quite sickly outside of the host grass. Pictures of colonies and conidia for all
isolated endophytes except FazTG-2, N. huerfanum, and PsyTG-1 are shown in Figs. 2.1 and 2.2.
2.32. DNA amplification and sequencing.
PCR amplification of tub2 and tef1 genes from endophyte genomic DNA yielded products of the
approximate size expected for Neotyphodium and Epichloë species (approx. 680 bp and 840 bp
for tub2 and tef1, respectively). For many isolates, multiple DNA products of similar size were
observed. Direct sequencing of these products produced an ambiguous signal indicative of
multiple templates in the reaction. In these cases, copy-specific primers were designed to
separately amplify sequence individual gene copies.
Endophyte isolates from P. ampla, P. sylvestris, F. obtusa, and one of the isolates from
F. arizonica (FazTG-2) yielded single tub2 and tef1 genes. N. huerfanum ATCC64040 also had
single copies of both genes. In contrast, isolates from F. paradoxa, F. altissima, F. arizonica (a
second isolate, FazTG-1), P. autumnalis, L. perenne, and F. arundinacea all had two copies of
both genes.
2.33. Phylogenetic analysis.
To elucidate the evolutionary relationships among these endophytes, I conducted phylogenetic
analyses using tub2 and tef1 sequences from these, as well as representative isolates of Epichloë
species. Relationships among the Epichloë species were consistent with those described
previously (Craven et al., 2001a), and tree topologies obtained from maximum parsimony (MP)
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using branch-and-bound were similar to those obtained from neighbor-joining (NJ) and
maximum likelihood (ML) methods (Figs. 2.3-2.10).
MP analysis on the aligned tub2 sequences yielded 102 trees of 135 steps. One of these
trees is shown in Figure 2.3. The number of trees reflects uncertainty in the precise branching
order of several clades, as shown in the strict consensus tree (Fig. 2.4). The single tub2 gene of
an endophyte isolate (Fob-TG1) from F. obtusa was identical to the tub2 genes of several
E. festucae isolates (only one of which is shown), indicating its relatedness with this Epichloë
species. Likewise, the single genes obtained from isolates infecting P. sylvicola and P. ampla
(PsyTG-1 and PaTG-1, respectively) grouped within the basal clades of the E. typhina
“complex” (Craven et al., 2001a), closest to isolates from P. nemoralis and P. pratensis,
respectively. Although some host-associated populations of E. typhina (eg.. from Dactylis
glomerata, Phleum pratense, and Poa trivialis) exhibit considerable genetic diversity in tub2 and
tef1 sequences, populations from P. nemoralis, P. pratensis and Bp. pinnatum are quite
homogenous. N. huerfanum ATCC64040 had a single tub2 gene that was identical to FazTG-2
from F. arizonica, and both grouped with E. typhina from P. nemoralis.
Each of the remaining isolates examined had two distinct tub2 genes that grouped with
different Epichloë spp. The genes from the second F. arizonica isolate (FazTG-1) were most
closely related to E. festucae and the E. typhina genotype from P. nemoralis. Intriguingly, both
gene copies were identical to the two tub2 genes from N. temblederae. The isolates from
F. paradoxa (FpaTG-1) and P. autumnalis (PauTG-1) also had tub2 genes related to the
E. typhina genotype from P. nemoralis, while the second copy of each was related to different
Epichloë species: FpaTG-1 with distant relations to E. baconii and PauTG-1 closely related to
E. elymi. Even more striking, several isolates were also found to have gene sequences identical to
E. festucae. In addition to FazTG-1 from F. arizonica (and N. temblederae from Poa huecu), the
ex L. perenne isolate (LpTG-2) and the F. arundinacea isolate from S. Spain (FaTG-2) both had
tub2 genes identical to E. festucae. The second inferred ancestor to LpTG-2 is an E. typhina
genotype infecting L. perenne, while FaTG-2 has a second tub2 gene distantly related to E.
baconii. One of the tub2 genes of the isolate from Algerian tall fescue (FaTG-3) also had an E.
baconii-like copy, with the second one nestled within a clade containing E. typhina genotypes
from P. sylvicola and L. perenne, as well as E. clarkii. Finally, the isolate from F. altissima
(FalTG-1) had two tub2 copies; one with affinity to the E. bromicola clade, and the other closest
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to a Brachypodium pinnatum-associated strain of E. typhina. Phylogenies constructed using NJ
and ML methods were largely concordant with results from parsimony analysis (Figs. 2.5, 2.6).
One of the tub2 alleles from FpaTG-1 (designated copy 1) showed slightly greater affinity for the
E. amarillans clade (as opposed to E. baconii) in NJ and ML, although the support is quite
weak.
MP analysis on the aligned tef1 sequences yielded 240 most parsimonious trees of 227
steps (one tree shown in Fig. 2.7). Results from the analysis of tef1 were consistent with the tub2
analysis, and inferred the same relationships to known Epichloë species for each of the isolates
examined. An exception involved an allele (copy 2) of FalTG-1 that was well removed from the
E. typhina genotype from B. pinnatum, where tub2 analysis had placed it. In fact, this allele
grouped at a basal location to the entire crown clade of E. typhina, intermediate between this
clade and the other main group of E. typhina isolates. In general, the level of resolution within
the tef1 phylogenies was similar to that provided by tub2 data. FazTG-2 again was closely
related to N. huerfanum (2 polymorphic differences). Similarly to the NJ and ML analyses of
tub2 one of the alleles from FpaTG-1 was placed closest to the E. amarillans clade, though still
at some distance from extant E. amarillans isolates (Figs. 2.7, 2.9). Trees constructed using ML
and NJ criteria elucidated the same relationships as MP, and most relevant clades were well
supported by bootstrap.
2.4. Discussion.
Of the endophytes examined in this study, all but one (PaTG-1) appear incapable of producing a
sexual stage and are thus classified in genus Neotyphodium. Seven of these asexual endophytes
are interspecific hybrids, three of which (PauTG-1, FpaTG-1, and FalTG-1) have unique
assemblages of Epichloë ancestors. The remaining three asexual strains (FobTG-1, PsyTG-1, and
FazTG-2) have single tub2 and tef1 genes, and appear to be direct descendants of their sexual
relatives. These distinctions are supported by morphological characterization (table 2.4; figs. 2.1
and 2.2), where the asexual non-hybrid strains have faster growth rates and smaller conidium
sizes than the hybrids and more typical of Epichloë species such as PaTG-1. Thus, both
processes of Neotyphodium evolution are prevalent among symbionts infecting grasses in tribe
Poeae.
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Among the asexual non-hybrids, PsyTG-1 from P. sylvestris is placed genetically within
the E. typhina complex, while FobTG-1 from F. obtusa is genetically identical to E. festucae.
Sexual expression has not been reported for these strains, and biological mating tests using
cultured conidia of the F. obtusa strain on stromata of several E. festucae-infected plants did not
result in mature perithecia (C.L. Schardl, unpublished data). Therefore, these asexual isolates
from F. obtusa and P. sylvestris rightly belong in the genus Neotyphodium and should be
referred to as N. festucae and N. typhinum, respectively. As mentioned above, PaTG-1 from
P. ampla has been observed to produce stromata on its host, and my phylogenetic analysis places
this isolate firmly within the E. typhina clade, most closely to other strains infecting grasses in
the genus Poa (eg. fig. 2.3). However, results of artificial matings suggest that this endophyte is
infertile with tested E. typhina strains (C. L. Schardl, unpublished). A similar phenomenon has
been noted for an isolate of E. festucae from Koeleria cristata that, although genetically identical
to other strains of E. festucae (based upon tub2, tef1, and act1), is incapable of mating with them.
Host specialization is a common characteristic of genus Epichloë and appears to play a major
role in speciation of sexual endophytes (Clay and Schardl, 2002). Endophytes such as the
Koeleria isolate of E. festucae and PaTG-1 in this study may represent dramatic examples of
host-driven reproductive isolation that, if maintained, could result in speciation events.
Two endophytes were isolated from F. arizonica, one of which (FazTG-2) corresponds
to N. huerfanum, a previously described asexual endophyte (White and Cole, 1987). The
evidence presented here suggests that N. huerfanum (=FazTG-2) is non-hybrid in nature and
related to an E. typhina genotype from P. nemoralis. In contrast, FazTG-1 is a hybrid with
E. festucae and E. typhina ancestors (Figs. 2.3 and 2.7) and is genetically identical (based upon
tef1 and tub2 sequences) to a prevalent hybrid endophyte of S. America, N. temblederae (Moon
et al., 2002, Cabral et al., 1999). Culture morphology, growth rate, and conidial sizes are also
very similar. Originally discovered in Argentina infecting Festuca hieronymi, with the type
specimen isolated from Poa huecu, N. tembladerae is associated with pastures known to be toxic
to herbivores, causing a disorder known as "tembladera" or "huecú toxicosis" (Rivas and Zanolli,
1909). In addition to F. hieronymi and P. huecu, N. tembladerae is believed (on the basis of
morphology and similar mammalian toxicoses) to infect F. argentina, and other Poa spp., all
endemic grasses to S. America. The identification here of an endophyte with identical tub2 and
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tef1 gene sequences in F. arizonica suggests that the geographical range of this hybrid likely
extends into the Northern Hemisphere, in the southern U.S.
In addition to the three new hybrids identified here, my results support the hybrid origins
of FaTG-2, FaTG-3, and LpTG-2 elucidated previously (Schardl et al., 1994; Tsai et al., 1994).
Other hybrids previously described in tribe Poeae include N. uncinatum and N. siegelii infecting
Lolium pratense (=Festuca pratensis) (Craven et al., 2001a), N. coenophialum infecting
European tall fescue, and N. occultans infecting several species of annual ryegrasses (Moon et
al., 2000). Asexual hybrids are indeed not limited to this host tribe, as 21 interspecific hybrids
(roughly two-thirds of all currently recognized asexual endophytes) infecting five out of six
tribes and every continent sampled have been characterized to date (Moon et al., submitted).
Many of the grass species found to harbor these endophytes are wild species with no history of
cultivation, suggesting that the abundance of Neotyphodium hybrids is a widespread
phenomenon and not limited to agronomic species.
A large majority of Neotyphodium species has been shown to provide significant
protection from both biotic and abiotic stresses to their host plants, such as herbivory deterrence
and drought tolerance (Arachevelata, et al., 1989; Siegel et al., 1990). In addition, many
Neotyphodium endophytes are seed-transmitted at close to 100% efficiency, and often, entire
populations of grasses are infected with a given asexual endophyte. It is thus quite fascinating
that the majority of asexual endophytes have hybrid pedigrees, with many among the most
mutualistic endophytes yet described. These characteristics suggest a selective advantage of
hybridization within genus Neotyphodium. Two hypotheses have been proposed to explain these
potential selective advantages. Perhaps the most obvious benefit entails the pyramiding of
advantageous genes that accompany wholesale genomic changes and rearrangements arising
from a hybridization event. Unlike the genetic recombination that accompanies sexual
reproduction, hybridization occurs between Epichloë species that have presumably evolved
largely in isolation from one another. Thus, it is likely that they accumulate different beneficial
traits in response to their hosts and environments. Interspecific hybridization permits the merging
of these distinct Epichloë genomes into a single Neotyphodium hybrid, and the possibility of
combining suites of defense-related genes with differing activities. There is tremendous potential
for unique alkaloidal compounds that could result from pyramiding genes and pathways involved
in their biosynthesis. Further, duplication of similar alkaloid genes may permit higher expression
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of particular compounds, or allow genetic divergence of redundant alkaloid genes, such that new
primary defensive functions could evolve. These characteristics would be highly advantageous
for the symbiosis to combat predation and competitors, and may facilitate the colonization of
novel environments.
A second role hybridization may play in fitness enhancement of grass-endophyte
symbioses is derived from the notion that asexuality appears to precede hybridization in genus
Neotyphodium. Several asexual non-hybrids exist (such as FobTG-1, PsyTG-1, and FazTG-2 in
this study), suggesting that hybridization is not required for asexuality. Additionally, two hybrid
endophytes (N. coenophialum and N. chisosum) have been documented as having three distinct
Epichloë ancestors. As the sexual stage has never been observed among hybrids, the second
hybridization event likely involved an endophyte already restricted to an asexual lifestyle. The
loss of sexuality in these non-hybrid strains presents conflicting selective pressures on the
symbiosis. The binding of reproductive strategies (sexual fertilization in the host; clonal
propagation via the seed in the endophyte) is likely to have driven the nature of the interaction to
greater mutualistic extremes (Ewald, 1987), a prediction supported by the preponderance of
highly successful mutualisms in genus Neotyphodium.
However, the asexual endophytes are deprived of the long-term evolutionary benefits of
sexual recombination. Muller’s Ratchet predicts a decline in fitness for organisms restricted to an
asexual lifestyle over evolutionary time, due to a gradual buildup of deleterious mutations
(Muller, 1964). Given no means to purge itself of dysfunctional genes, an asexual, non-hybrid
endophyte would theoretically deteriorate to the point to where it becomes ineffectual as a
mutualistic symbiont. Symbioses involving asexual non-hybrids may be doomed to fail unless
some means exists to purge the fungal genome of dysfunctional gene copies and replace them
with fully functional ones. Interspecific hybridization could serve this purpose by facilitating the
combination of entire genomes, one of which is donated from a sexual Epichloë endophyte, and
presumably subject to the benefits of sexual recombination. Following this initial event, the
newly formed hybrid might or might not undergo a process of gene loss. If so, this may explain
gene complements of hybrids such as Neotyphodium uncinatum, an extremely common symbiont
of meadow fescue (=Festuca pratensis Huds.). This hybrid appears to have retained single tub2
and tef1 genes but from different ancestors (Craven et al., 2001a). This suggests that the second
copies of each were lost and may represent the dysfunctional genes of the type described above.
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In conclusion, hybridization appears to be a common phenomenon in endophytes
infecting grasses in tribe Poeae. Hybrids have emerged in most tribes of cool-season grasses,
suggesting that this phenomenon may be prevalent throughout the Pooid grasses. Continued
sampling of natural grass populations from all major tribes should help elucidate the answer to
this question, and provide a reservoir of endophytes that could potentially be introduced into
forage grasses for enhanced biological protection. Interspecific hybridization generates
substantial genetic diversity not only for the endophyte, but also for the symbiosis. Immediate
benefits could include a shuffling of genes involved in host defense and abiotic stress tolerance,
while replacement of defective endophyte genes may stabilize the symbiosis over evolutionary
time.
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Table 2.1.

Endophyte infected grasses and fungal isolates
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Host species

Provider

Geographic origin

Endophyte isolate(s)

Festuca arizonica

Bunge

Southwestern United States

FazTG-1; FazTG-2

Festuca paradoxa

C. Kuctra

United States

FpaTG-1

Festuca altissima

A. Leuchtmann

Hasenmatt, Switzerland

FalTG-1

Festuca obtusa

C. L. Schardl

New York, United States

FobTG-1

Poa autumnalis

J. White

Eastern United States

PauTG-1

Poa ampla

R. Funk

Alaska, United States

PamTG-1

Poa sylvestris

L. Jackson

Kentucky, United States

PsyTG-1

Festuca arundinacea

M. Christensen

Southern Spain

FaTG-2

Festuca arundinacea

M. Christensen

Algeria

FaTG-3

Lolium perenne

M. Christensen

France

LpTG-2

Table 2.2.

Oligonucleotide primers used in chapter two

Oligonucleotide
designation
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Gene

Sequence (5' - 3')

Position

Orientation

tub2-exon1d-1

tub2

GAGAAAATGCGTGAGATTGT

exon 1 - intron 1 junction

downstream

tub2-exon4u-1

tub2

TGGTCAACCAGCTCAGCACC

exon 4

upstream

Ety-tub2(235-19)20u

tub2

ACGCACTGACCGGTTTGAAG

intron 1

upstream

Ety-tub2(15.1-21.3)21d

tub2

CAAATTGGTGCTGCTTTCTGG

exon 3

downstream

tub2selEbrom.607-586u

tub2

TGTCACATAGATTAGCATGT

intron 3

upstream

tub2selnotEbrom607-586u

tub2

TGTCACATAGATTAGCATGA

intron 3

upstream

tub2selT196-215d

tub2

CCGAGCCCGGCCACGACGTT

intron 1

downstream

tub2selG196-215d

tub2

CCGAGCCCGGCCACGACGTG

intron 1

downstream

tub2selC.449-429u

tub2

AGTAGACACTCATACGCTCC

exon 3

upstream

tub2selG.449-429u

tub2

AGTAGACACTCATACGCTCG

exon 3

upstream

tub2selG553-529u

tub2

ATCTCCAGGGCGGTATGTAG

intron 3

upstream

tub2selT.614-595u

tub2

AGAAGCCTGTCACATGGATT

intron 3 – exon 4 junction

upstream

tub2selG.614-595u

tub2

AGAAGCCTGTCACATGGATG

intron 3 – exon 4 junction

upstream

tef1-exon1d

tef1

GGGTAAGGACGAAAAGACTCA

exon 1

downstream

tef1-exon6u-1

tef1

CGGCAGCGATAATCAGGATAG

exon 6

upstream

Table 2.2 (cont’d).

Oligonucleotide primers used in chapter two.

Oligonucleotide
designation
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Gene

Sequence (5' - 3')

Position

Orientation

tef1-exon4.2u

tef1

ACCTTCTCGAACTTCTCGAT

exon 4 - intron 4 junction

upstream

tef1-exon4.2d

tef1

ATCGAGAAGTTCGAGAAGGT

exon 3 - exon 4 junction

downstream

tefselT.e144.527-501u

tef1

GAGGTGGGCCACGCGAATCA

intron 4

upstream

tefselA.403-452d

tef1

TTCGGTCGCGGGGCTCAGTA

intron 4

downstream

tefselA.527-501u

tef1

AGAGGTGGGCCACGCGAATG

intron 4

upstream

tefselEelymi.816-797u

tef1

GGTGACCGGGAGCGTCTAAA

intron 5 – exon 6 junction

upstream

tefselEfest.816-797u

tef1

GGTGACCGGGAGCGTCTAAT

intron 5 – exon 6 junction

upstream

tefselA.92-112d

tef1

GGGTACGTACTGCGAAGTAA

exon 2 – intron 2 junction

downstream

tefselT.92-112d

tef1

GGGTACGTACTGCGAAGTAT

exon 2 – intron 2 junction

downstream

tefselA.873-854u

tef1

TTAATGATGCAGATCGGGTA

intron 5

upstream

tefselT.873-854u

tef1

TTAATGATGCAGATCGGGTT

intron 5

upstream

tefselAe144.873-854u

tef1

TTAATGATACAGATCGGGTA

intron 5

upstream

tefselTe144.873-854u

tef1

TTAATGATACAGATCGGGTT

intron 5

upstream

tefselEamar.904-885u

tef1

ACGGTGACCGGGAGCGTCTA

intron 5 – exon 6 junction

upstream

tefselnotEamar.904-885u

tef1

ACGGTGACCGGGAGCGTCTG

intron 5 – exon 6 junction

upstream

Table 2.3.

Endophyte isolates and GenBank accession numbers for tub2 and tef1 sequences.

____________________________________________________________________________________________________________
GenBank Accessions
Endophyte Isolate

Host

CUP accession

tub2

tef1

_______________________________________________________
PauTG-1

FaTG-2

Poa autumnalis

Festuca arundinacea (S. Spain)

XXXXX

XXXXX

AF457513

AF457474

AF457514

L06963

AF457531

L06952

AF457532

AF457475

AF457515

AF457476

AF457516

L20308

AF457529

L06952

AF457530

L20304

AF457522

L78286

AF457523

43

AF457473

FpaTG-1

FaTG-3

LpTG-2

Festuca paradoxa

F. arundinacea (Algeria)

L. perenne

XXXXX

XXXXX

XXXXX

Table 2.3 (cont’d).

Endophyte isolates and GenBank accession numbers for tub2 and tef1 sequences.

____________________________________________________________________________________________________________
GenBank Accessions
Endophyte Isolate

Host

CUP accession

tub2

tef1

_______________________________________________________
FalTG-1
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FazTG-1

FobTG-1

PsyTG-1

Festuca altissima

Festuca arizonica

XXXXX

XXXXX

AF457491

AF457535

AF457492

AF457536

AF457496

AF457544

AF457497

AF457545

Festuca obtusa

XXXXX

AY166648

AY166645

Festuca obtusa

XXXXX

AY166649

AY166649

Poa sylvestris

XXXXX

AY163832

AY166647

PamTG-1
Poa ampla
XXXXX
XXXXX
XXXXX
____________________________________________________________________________________________________________

Table 2.4.

Endophyte Isolate

PauTG-1
45

FaTG-2
FpaTG-1
FaTG-3

Morphological characteristics of endophytes infecting Poeae grasses examined in this study.

Host

Poa autumnalis
Festuca arundinacea (S. Spain)
Festuca paradoxa
F. arundinacea (Algeria)

Colony Diameter at

Conidium size

21 days (mm)

(µm)

12.1 ± 0.7

7.9 ± 0.6 x 3.1 ± 0.4

10.8 ± 0.7

6.9 ± 0.7 x 2.7 ± 0.4

6.7 ± 0.7

6.2 ± 0.6 x 3.6 ± 0.4

6.6 ± 0.5

7.9 ± 0.9 x 2.4 ± 0.5

LpTG-2

Lolium perenne

14.8 ± 0.8

7.1 ± 0.4 x 3.1 ± 0.2

FalTG-1.

Festuca altissima

6.7 ± 0.4

7.1 ± 0.5 x 3.0 ± 0.3

FazTG-1

Festuca arizonica

20.0 ± 1.0

7.1 ± 0.4 x 4.0 ± 0.4

FazTG-2

Festuca arizonica

nd

5.3 ± 0.7 x 3.1 ± 0.4

Table 2.4 (cont’d).

Endophyte Isolate

Morphological characteristics of endophytes infecting Poeae grasses examined in this study.

Host

Colony Diameter at

Conidium size

21 days (mm)

(µm)
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FobTG-1

Festuca obtusa

22.3 ± 1.3

5.4 ± 0.4 x 3.4 ± 0.4

PsyTG-1

Poa sylvestris

26.0 ± 1.6

5.0 ± 0.5 x 2.9 ± 0.3

PamTG-1

Poa ampla

38.3 ± 4.6

5.3 ± 0.5 x 3.8 ± 0.3

_____________________________________________________________________________________________

Figure 2.1.

A

Colony morphology of endophytes examined in chapter two

B

C

D

E

F

G

H

I
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Figure 2.1.

Colony morphologies of endophytes examined in this study. Cultures were

grown on PDA and photographed at 28 days old. A, Neotyphodium isolate PaTG-1 from
Poa ampla; B, Neotyphodium isolate FobTG-1 from Festuca obtusa; C, Neotyphodium
isolate PauTG-1 from Poa autumnalis; D, Neotyphodium isolate FazTG-1 (=N.
temblederae) from Festuca arizonica; E, Neotyphodium isolate FpaTG-1 from Festuca
paradoxa; F, Neotyphodium isolate FalTG-1 from Festuca altissima; G, Neotyphodium
isolate LpTG-2 from Lolium perenne; H, Neotyphodium isolate FaTG-2 from L.
arundinaceum (S. Spain); I, Neotyphodium isolate FaTG-3 from L. arundinaceum
(Algeria). Scale bar is 5 mm.
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Figure 2.2.

Conidial morphology of endophytes in chapter two.
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Figure 2.2.

Conidiogenous cells and conidia of: A, Neotyphodium isolate PaTG-1

from Poa ampla; B, Neotyphodium isolate FobTG-1 from Festuca obtusa; C,
Neotyphodium isolate PauTG-1 from Poa autumnalis; D, Neotyphodium isolate FazTG-1
(=N. temblederae) from Festuca arizonica; E, Neotyphodium isolate FpaTG-1 from
Festuca paradoxa; F, Neotyphodium isolate FalTG-1 from Festuca altissima; G,
Neotyphodium isolate LpTG-2 from Lolium perenne; H, Neotyphodium isolate FaTG-2
from L. arundinaceum (S. Spain); I, Neotyphodium isolate FaTG-3 from L.
arundinaceum (Algeria). Scale bar is 5 mm.
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Figure 2.3.

Maximum parsimony tree based on tub2 data
E. amarillans 200743So
E. amarillans 200744So
E. baconii 200745Cv
E. baconii 76552As
E. baconii 90167At
FaTG-3 (copy1)
FaTG-2 (copy 1)
E. festucae
LpTG-2 (copy 1)
FaTG-2 (copy 2)
N. temblederae 1169Phu (copy 1)
FazTG-1 (copy 1)
FobTG-1
FpaTG-1 (copy 1)
E. bromicola 200749Ber
E. bromicola 200750Ber
E. bromicola 96082Ber
FalTG-1 (copy 1)

E. elymi 200850Ev
E. elymi 201551Ec
PauTG-1 (copy 1)

E. glyceriae 200747Gs
E. glyceriae 200755Gs
E. brachyelytri 200752Be
E. brachyelytri 2015612Be
E. clarkii 200742Hl
E. typhina 200736Lp
LpTG-2 (copy 2)
FaTG-3 (copy 2)
E. typhina 201666Ps
E. typhina 200740Dg
E. sylvatica 200748Bs
E. sylvatica 200751Bs
E. typhina 200739Bp
FalTG-1 (copy 2)
PamTG-1
FpaTG-1 (copy 2)
N. huerfanum
FazTG-2
FazTG-1 (copy 2)
N. temblederae 1169Phu (copy 2)
E. typhina 201667Pn
PauTG-1 (copy 2)
E. typhina 201669Pp
1 change

PsyTG-1

51

Figure 2.3.

Maximum parsimony tub2 gene tree identified by a branch and bound

search. Tree shown is one of 102 most parsimonious trees. Number of informative
characters = 65; uninformative characters = 32; tree length = 135 steps; midpoint root is
at the left edge. Bar represents one inferred nucleotide substitution. Isolates examined in
this study are shown in color and bold type. Isolates with two tub2 gene copies are shown
twice in same color, followed by either “copy 1” or “copy 2”. Host abbreviations precede
taxonomic group (TG) assignment for isolates examined in this study, and follow
numbers for Epichloë isolates. Numbers for Epichloë isolates designations refer to ATCC
designations. Host designations as follows: So (Sphenopholis obtusata); Fpa (Festuca
paradoxa); Cv (Calamagrostis villosa); As (Agrostis stolonifera); At (Agrostis tenuis);
Fa (Festuca arundinacea); Lp (Lolium perenne); Fob (Festuca obtusata); Faz (Festuca
arizonica); Phu (Poa huecu); Ber (Bromus erectus); Fal (Festuca altissima); Gs
(Glyceria striata); Ev (Elymus villosa); Ec (Elymus canadensis); Pau (Poa autumnalis);
Be (Brachyelytrum erectum); Hl (Holcus lanatus); Ps (Poa sylvicola); Dg (Dactylis
glomerata); Bs (Brachypodium sylvaticum); Bp (Brachypodium pinnatum); Pn (Poa
nemoralis); Pam (Poa ampla); Pp (Poa pratensis); Psy (Poa sylvestris).
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Figure 2.4.

Maximum parsimony strict consensus tree based on tub2 data
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71
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E. amarillans 200743So
E. amarillans 200744So
E. baconii 200745Cv
E. baconii 76552As
E. baconii 90167At
FaTG-3 (copy1)
FaTG-2 (copy 1)
E. festucae 90661Frr
LpTG-2 (copy 1)
FaTG-2 (copy 2)
N. temblederae 1169Phu (copy 1)
FazTG-1 (copy 1)
FobTG-1
FpaTG-1 (copy 1)
E. bromicola 200749Ber
E. bromicola 200750Ber
E. bromicola 96082Ber
FalTG-1 (copy 1)
E. elymi 200850Ev
PauTG-1 (copy 1)
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E. glyceriae 200755Gs

100
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E. clarkii 200742Hl
E. typhina 200736Lp
LpTG-2 (copy 2)
E. typhina 201666Ps
FaTG-3 (copy 2)
E. typhina 200740Dg
E. sylvatica 200748Bs
E. sylvatica 200751Bs
E. typhina 200739Bp
FalTG-1 (copy 2)
PamTG-1
FpaTG-1 (copy 2)
N. huerfanum 64040Faz
FazTG-2
FazTG-1 (copy 2)
N. temblederae 1169Phu (copy 2)
E. typhina 201667Pn
PauTG-1 (copy 2)
E. typhina 201669Pp
PsyTG-1
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Figure 2.4.

Strict consensus cladogram from the 102 MP trees derived from a branch-

and-bound search on tub2 data. Numbers at branches are the percentages of trees
containing the corresponding clade in 1000 bootstrap replications. Bootstrap values
greater than 70% are considered supportive of the clades indicated by the branches.
Isolate numbers and key to hosts are as in Figure 2.3.
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Figure 2.5.

Neighbor-joining tree based on tub2 data
E. amarillans 200743So
E. amarillans 200744So
FpaTG-1 (copy 1)
E. baconii 200745Cv
E. baconii 76552As
E. baconii 90167At
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FaTG-2 (copy 1)
E. festucae 90661Frr
LpTG-2 (copy 1)
FaTG-2 (copy 2)
N. temblederae 1169Phu
FazTG-1 (copy 1)
FobTG-1
E. bromicola 200749Ber
E. bromicola 200750Ber
E. bromicola 96082Ber
FalTG-1 (copy 1)
E. elymi 200850Ev
E. elymi 201551Ec
PauTG-1 (copy 1)
E. glyceriae 200747Gs
E. glyceriae 200755Gs
E. brachyelytri 200752Be
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E. typhina 200739Bp
FalTG-1 (copy 2)
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N. huerfanum 64040Faz
FazTG-2
FpaTG-1 (copy 2)
N. temblederae 1169Phu (copy 2)
FazTG-1 (copy 2)
E. typhina 201667Pn
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E. typhina 201669Pp
PsyTG-1

0.005 substitutions/site
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Figure 2.5.

Neighbor-joining tree generated from tub2 data using a distance-based

criterion. The tree was constructed using a Kimura two-parameter model (equal base
frequencies; transitions twice as common as transversions)). Isolate numbers and key to
hosts are as in Figure 2.3.
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Figure 2.6. Maximum likelihood (PUZZLE) tree based on tub2 data
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Figure 2.6.

Maximum likelihood tree based on PUZZLE analysis using a Hasegawa-

Kishino-Yano model with ts/tv = 2; number of puzzling steps = 1000. Numbers at
branches are percentages of quartet puzzling trees supporting relationships inferred for
grouped taxa. Isolate numbers and key to hosts are as in Figure 2.3.

58

Figure 2.7.

Maximum parsimony tree based on tef1 data
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Figure 2.7.

Maximum parsimony tef1 gene tree identified by a branch and bound

search. Tree shown is one of 240 most parsimonious trees. Number of informative
characters = 116; uninformative characters = 50; tree length = 227 steps; midpoint root is
at the left edge. Bar represents one inferred nucleotide substitution. Isolate numbers and
key to hosts are as in Figure 2.3.
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Figure 2.8.

Maximum parsimony strict consensus tree based on tef1 data
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Figure 2.8.

Strict consensus cladogram from the 240 MP trees derived from a branch-

and-bound search on tef1 data. Numbers at branches are the percentages of trees
containing the corresponding clade in 1000 bootstrap replications. Bootstrap values
greater than 70% are considered supportive of the clades indicated by the branches.
Isolate numbers and key to hosts are as in Figure 2.3.
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Figure 2.9.

Neighbor-joining tree based on tef1 data
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Figure 2.9.

Neighbor-joining tree generated from tef1 data using distance-based

criteria. Tree was constructed using a Kimura two-parameter model (equal base
frequencies; transitions twice as common as transversions). Isolate numbers and key to
hosts are as in Figure 2.3.
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Figure 2.10. Maximum likelihood (PUZZLE) tree based on tef1 data
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Figure 2.10.

Maximum likelihood tree based on PUZZLE analysis using a Hasegawa-

Kishino-Yano model assuming ts/tv = 2; number of puzzling steps = 1000. Numbers at
branches are estimations of support for each branch. Isolate numbers and key to hosts are
as in Figure 2.3.
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Chapter Three
The tall fescue endophyte, Neotyphodium coenophialum
3.1. Introduction.
Over the greater part of the last century, the cool season grass tall fescue (Festuca arundinacea
var. arundinaceum Shreb.=Lolium arundinaceum var. arundinaceum (Schreb.) Darbyshire) has
become a major source of forage worldwide for grazing livestock. Early evaluation of tall fescue
in the United States indicated enhanced resistance to oat rust (caused by the fungus Puccinina
coronata) (Ford and Kirkpatrick, 1989), high herbage yield and persistence, and a wide range of
environmental conditions suitable for growth (Sleper, 1985).
These superior attributes were readily apparent during the “Dust Bowl” of the early
1930’s, when extended droughts stretched over many parts of the American Midwest, stripping
the land of vegetation vital for forage and prevention of soil erosion. While much of the
landscape was barren, a hillside of the Suiter farm in Menifee County, Kentucky was covered by
tall fescue that appeared to thrive despite the extreme conditions that had claimed a majority of
pastures across the region. These plants were collected and introduced into a tall fescue breeding
program at the University of Kentucky, resulting in 1943 in the release of the tremendously
popular variety ‘Kentucky 31’ (Buckner, 1979). This cultivar of tall fescue has perhaps been
nowhere more important as a predominant source of forage than in the so called “transition
zone”, a geographical region dividing areas in which cool and warm season grasses can be
successfully cultivated. Expansion of livestock production into this region would likely not have
been possible without the use of ‘Kentucky 31’ tall fescue (Sleper, 1985), and this grass remains
commonplace in many cool and temperate regions of the U.S. and elsewhere.
Following the large-scale incorporation of Kentucky 31 into cattle farms across the U. S.,
reports began to emerge that livestock fed extensively upon the grass were developing toxicoses
affecting primarily neuromotor and reproductive functions. Reported afflictions included
impaired motor function, reduced lactation, inability to control internal body temperature and, in
more severe cases, stillbirths, gangrenous limbs and death (Bacon et al., 1977). Extensive efforts
to identify the causal agent of these symptoms revealed the presence of a fungal endophyte
asymptomatically infecting the intercellular spaces of the aerial grass tissues (Bacon et al., 1977).
A strong association was found between these toxic tall fescue pastures and moderate to high
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levels of infection by this fungus, and the malady has come to be known as “fescue foot,”
"summer slump" or “fescue toxicosis”.
Since that time, this fungal endophyte, now known as Neotyphodium coenophialum, has
been the subject of extensive investigation and appears to contribute greatly to many of the
superior qualities manifested by tall fescue (Malinowski and Belesky, 2000). Infected plants
exhibit enhanced root growth and nutrient uptake, as well as drought and salinity tolerance
(Arechavaleta et al., 1989), particularly during periods of abiotic stress. The mammalian toxicity
mentioned above is due primarily to the production of a suite of ergot alkaloids by the endophyte
(Porter, 1994). In addition to the ergot alkaloids, N. coenophialum produces loline alkaloids with
insecticidal activity and trace amounts of the insect feeding deterrent, peramine (Siegel and
Bush, 1997).
In exchange for defensive properties imparted to the host, the fungus gains an efficient
and dependable mode of dissemination, namely vertical transmission through the seed. In fact,
no external stage has been reported for N. coenophialum or the large majority of asexual
endophytes classified in the genus Neotyphodium. Vegetative growth of the host is accompanied
by systemic, intercellular growth of N. coenophialum, typically for the life of the plant. During
the early stages of flowering, N. coenophialum grows into the developing ovules of the host and
is maternally inherited by the resulting seedlings, often at frequencies approaching 100% (Clay
& Schardl, 2002). Thus, this symbiont is completely asexual (clonal) and spends its entire life
cycle within the tissues of its tall fescue host. The relationship is remarkably intimate and
considered an instance of highly successful mutualism.
Like a majority of Neotyphodium endophytes, N. coenophialum is a genetic hybrid (Tsai
et al., 1994; Moon et al., submitted). Hybridization among many of these asexual endophytes is
evident by the presence of multiple genes such as b-tubulin (tub2; Tsai et al., 1994; Schardl et
al., 1994). These copies have not arisen from gene duplication events, but through parasexual
hybridization between distinct species in the closely related sexual genus Epichloë (Tsai et al.,
1994). Hybrid Neotyphodium endophyte species can thus be circumscribed in large part based
upon their unique complement of Epichloë ancestors (Schardl, 1996), and 21 have been
identified to date (Moon et al, submitted). As discussed in Chapter one, examples of hybrids are
now emerging in most major fungal lineages (Emerson and Wilson, 1954; Garbelotto et al.,
1996; Newcombe et al., 2000; Brasier et al., 1999). Evidence for hybridization is particularly
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strong in the genus Neotyphodium, with corroborating evidence arising from allozymes
(Leuchtmann and Clay, 1990), microsatellites (Moon et al., 1999) and larger genome sizes
(Kuldau et al., 1999). These data suggest that many Neotyphodium hybrids retain large portions
of their progenitors genomes, possibly as an evolutionary solution to the generation and
maintenance of genetic diversity more typically ascribed to sexual organisms.
While the large majority of Neotyphodium hybrids appear to be the result of a single
hybridization event, N. coenophialum is one of two known asexual endophytes that carries the
genes of three distinct Epichloë species: Epichloë festucae, an Epichloë typhina endophyte
infecting Poa nemoralis, and an unidentified, and possibly extinct ancestor most closely related
to Epichloë baconii (Tsai et al., 1994). There is a positive correlation between genome content
and spore size, and N. coenophialum has the largest spore size yet recorded for fungal
endophytes and an estimated genome size twice that of haploid Epichloë species (Kuldau et al.,
1999).
Neotyphodium coenophialum is abundant in many populations of European tall fescue,
but other genetically distinct Neotyphodium spp. have been found to infect hexaploid tall fescue
from more southern regions (Christensen and Latch, 1991; Christensen et al., 1993). Most 6x tall
fescues south of the Pyrenees and the Alps, and in North Africa, harbor endophytes (designated
FaTG-2 and FaTG-3; see Chapter 2) that are genetically, biochemically and morphologically
distinct from N. coenophialum (Christensen et al., 1993; Tsai et al., 1994; Clement et al., 2001),
whereas N. coenophialum is consistently found in northern tall fescue and in those tall fescue
lineages introduced from northern Europe into North America, Australia and New Zealand.
Interestingly, FaTG-2 and FaTG-3 appear to share a common ancestor with N. coenophialum
(related to Epichloë baconii) but have distinct second lineages in their pedigrees (Tsai et al.,
1994): FaTG-2 with an E. festucae ancestor, and FaTG-3 an E. typhina ancestor that is
genetically distinct from the E. typhina relative of N. coenophialum. Thus, as a host species, tall
fescue harbors an impressive collection of distinct Neotyphodium hybrids.
Besides the three tall fescue endophytes mentioned above, several asexual Neotyphodium
endophytes are known to infect other closely related grasses (classified in subgenus
Schedonorus; the broad-leaved fescues). Festuca pratensis is commonly infected with
Neotyphodium uncinatum, a symbiont well documented for its insecticidal activity through the
production of loline alkaloids (Bush et al., 1993; Bush et al., 1997). Another endophyte of
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F. pratensis, Neotyphodium siegelii, has been recently described (Craven et al., 2001a) and is
also capable of high levels of loline alkaloid biosynthesis. Festuca gigantea is commonly
infected with the sexual endophyte E. festucae. This endophyte species is associated with several
grasses in genera Festuca and Lolium, and although these host-associated strains all have nearly
identical tub2 and tef1 genes (Craven et al., 2001b), they exhibit diversity in their alkaloid
profiles (Siegel and Bush, 1997). Like the Neotyphodium endophytes associated with Festuca
spp., the E. festucae strain infecting F. gigantea is known to produce lolines. Thus, loline
alkaloid production appears to be a common characteristic of endophytes associated with
Schedonorus grasses.
Given the genetic and evolutionary complexity of the asexual Neotyphodium endophytes,
and N. coenophialum in particular, it is surprising to consider parallel hybridization processes in
Festuca and Lolium spp. harboring these symbionts. Although discussed in detail in Chapter 1,
two interrelated concepts of particular relevance to tall fescue and its relatives are mentioned
here. First, interfertility between distinct grass species is commonplace, and sometimes even
occurs between genera. Progeny emerging from such crosses, or hybridization events, often
exhibit hybrid vigor and changes in their total chromosomal content or ploidy level, the second
key concept. Although reproductive problems arising from irregular pairing of heterogeneous
chromosomes are common, hybrids often overcome this deficiency through a doubling of the
chromosome complement. Karyotyping, or determination of the chromosome complement, is of
central importance to discriminating major tribes of grasses, as well as smaller subdivisions like
subgenera and varieties (subspecies).
European hexaploid tall fescue (2n=6x=42), the common host of N. coenophialum and
the most likely source of germplasm used to generate ‘Kentucky 31’, is believed to have arisen
from a grass hybridization event between the tetraploid Festuca arundinacea subsp. fenas Lag.
Arcang [=F. arundinacea var. glaucescens; 2n=4x=28] and a distinct diploid species, F.
pratensis [=Lolium pratense (Huds.) Darbysh.=meadow fescue; 2n=2x=14) (Chandrasekharan
and Thomas, 1971; Humphreys et al., 1995; Xu and Sleper, 1994). In addition to the hexaploid
and tetraploid varieties of F. arundinacea, octoploid [8x Festuca arundinacea subsp. atlantigena
(St.-Yves) Auquier; 2n=8x=56], and decaploid [10x subsp. cirtensis and 10x F. arundinacea var.
letourneuxiana (St. Yves) Torrecilla and Catalán; 2n=10x=70] forms exist, indicating the
prevalence of polyploidization within this group. These latter two polyploids are also the result
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of hybridizations, likely between the tetraploid Festuca arundinacea subsp. fenas and a distinct
African tetraploid, Festuca mairei (Chandrasekharan and Thomas, 1971). While the hexaploid
variety appears to have arisen on both sides of the Mediterranean, the tetraploid variety and the
diploid F. pratensis have primarily European distributions and the octoploid and decaploid
varieties appear endemic to the African continent, where they co-occur with F. mairei (Borrill et
al., 1971). Together with Festuca gigantea [=Lolium giganteum (L.) Darbysh.] and Lolium
mazzetianum (4x=2n=28), these grasses constitute the broad-leaved fescues, or subgenus
Schedonorus (Darbyshire, 1993).
In stark contrast to the above notions of interfertility between grasses of different ploidy
levels are instances of seemingly complete reproductive isolation among populations of grasses
with the same ploidy. For example, many ecotypes exist within hexaploid Festuca arundinacea
var. arundinaceum, each with unique complements of beneficial growth characteristics adapted
for particular environments (Burns and Chamblee, 1979). Hexaploid accessions collected in
Tunisia have been noted for their excellent fall growth potential (Sleper, 1985), a character of
great interest for breeding into the European tall fescue germplasm. However, studies
investigating interfertility relationships have shown highly variable levels of cross-fertilization
success among hexaploid ecotypes, with some (such as the European by Tunisian crosses) so
limited as to suggest distinct biological species (Hunt and Sleper, 1981).
In order to further our understanding of endophyte evolution in the broad-leaved fescues,
I analyzed several subg. Schedonorus grasses and their naturally-occurring endophytic
symbionts. Host relationships were determined by inferring phylogenies of intergenic and intron
chloroplast sequences, and a subset of grasses were karyotyped to verify ploidy level. Endophyte
phylogenies were inferred from non-coding intron regions of housekeeping genes and profiles
based upon hypervariable microsatellite allele sizes were assessed.
3.2. Materials and Methods.
3.21. Biological materials.
Fungal and grass isolates examined in this chapter are listed in Table 3.1. Several of the grasses
examined were uninfected with endophytes (noted in the table), but they were included here to
provide a more robust approximation of phylogenetic relationships within genus Festuca.
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3.22. DNA isolation.
Endophyte genomic DNA was isolated by the method of Al-Samarrai and Schmid (2000) with
slight modification. Mycelium for each endophyte was cultured on PDA plates overlaid with
sterile cellophane. Freeze-dried mycelium (30-50 mg) in liquid nitrogen was ground to a fine
powder with a mortar and pestle. The ground mycelium was suspended in 1 mL of lysis buffer
[40 mM tris hydroxymethylaminomethane (Tris) acetate, 20 mM sodium acetate, 1 mM
disodium ethylenediaminetetraacetic acid (EDTA) and 1% sodium lauryl sulfate, pH 7.8]. Two
µL of RNase A solution (10 mg mL-1; Boehringer Mannheim, Mannheim, Germany) was added
and the mixture was pipetted until frothy. The resulting slurry was transferred to a 2 mL
microcentrifuge tube and mixed with one-third volume of 5 M NaCl by inversion. The tube was
then centrifuged 10 min at 15,000 g. The supernatant was transferred to a new tube and
sequentially extracted with equal volumes of 25:24:1 phenol:chloroform:isoamyl alcohol (v/v),
and 24:1 chloroform:isoamyl alcohol (v/v), centrifuging 10 min at 15,000 g between extractions.
DNA was precipitated with 2 vol 95% ethanol, and pelleted by centrifugation 5 min at 15,000 g.
The pellet was drained and dried briefly, washed twice with cold 70% ethanol, and allowed to
air-dry. DNA was redissolved in 200-500 µL of purified water (Milli-Q; Millipore Corp.,
Bedford, Massachussets). DNA concentrations were determined using a Hoefer DyNA Quant
200 fluorometer.
Grass genomic DNA was isolated from 0.5-1.0 g of harvested endophyte-infected plant
leaf material using the CTAB method of Doyle and Doyle (1990), and dissolved in 1 mL of
purified water (Milli-Q; Millipore Corp., Bedford, Massachussets).
3.23. Amplification of endophyte b-tubulin and translation elongation factor 1-a genes.
The 5' portions of the beta-tubulin genes (tub2), including the first three introns, were amplified
by PCR using primers (tub2-exon1d-1 and tub2-exon4u-2; see Chapter 2, Table 2.2)
complementary to conserved coding regions as previously described (Byrd et al., 1990). The 5'
portion of translation elongation factor 1-alpha (tef1), including the first four introns, was
amplified with primers tef1-exon1d-1 and tef1-exon5u-1 (Craven et al., 2001).
Reactions were performed in 50 µL volumes containing15 mM Tris-HCl, 1.5 mM MgCl2,
50 mM KCl, pH 8.0 in the presence of 200 µM of each deoxynucleotide triphosphate (dATP,
dCTP, dGTP, and dTTP; Panvera, Madison, Wisconsin), 200 nM of each primer (Life
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Technologies, Gaithersberg, Maryland), 0.025 U µL-1 Amplitaq Gold DNA polymerase (PE
Applied Biosystems, Foster City, California), and 10 ng of fungal genomic DNA. Reactions
were performed in a PE Appplied Biosystems DNA thermal cycler (Foster City, California), with
a 9 min incubation at 95°C to activate the enzyme, followed by 35 cycles of 1 min at 95°C, 1
min at 55°C, and 1 min at 72°C. Water blanks were included as negative controls to identify any
contamination. All amplification products were verified by 0.8 % agarose gel electrophoresis,
followed by visualization with ethidium bromide staining under uv light. The concentration of
purified products was estimated by comparison with a 100 bp quantitative ladder (Panvera).
3.24. Amplification of chloroplast DNA (cpDNA) non-coding regions.
PCR amplification of one intron (trnL intron) and two intergenic spacers (trnT-trnL, trnL-trnF)
from cpDNA was performed from total plant DNA using primers flanking these regions
described in Taberlet et al. (1991), and listed in Table 3.2. Amplification of trnT-trnL and trnLtrnF intergenic spacers and the trnL intron from endophyte-infected host plant genomic DNA
yielded products of the approximate size expected (approx. 850-950 bp, 400-450 bp for trnTtrnL and trnL-trnF, respectively; 500-600 bp for trnL intron).
3.25. DNA sequencing.
Amplified products were purified for sequencing by using Quiaquick spin columns (Quiagen
Inc., Valencia, California). Products were sequenced by the Sanger method (Thomas & Kocher,
1993) with a Perkin-Elmer GeneAmp PCR System 2400 using rhodamine-labeled
dideoxynucleotide triphosphates or BigDye Terminator Cycle sequencing kit (Applied
Biosystems). Both DNA strands were sequenced using amplification primers and primers
annealing to internal regions (listed in table 3.X) of the amplified product. Products were
separated by capillary electrophoresis on an ABI Prism model 310 genetic analyzer (Applied
Biosystems) and analyzed with Sequencing Analysis version 3.0 software (Applied Biosystems).
For the grass endophytes, the presence of multiple dye terminator peaks at single
nucleotide positions, in otherwise unambiguous sequences, indicated multiple gene copies with
polymorphisms at these positions. In these cases, selective primers were designed (listed in Table
2.2) with identical sequences except the 3'-end nucleotide, which was based upon the
polymorphic site. Each selective primer was used in combination with primers based upon
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conserved regions to separately amplify each gene copy, which was then unambiguously
sequenced.
3.26. Microsatellite Analysis.
A microsatellite profile was created for each endophyte based upon loci and methods described
by Moon et al. (1999). PCR-amplified products were precisely sized by using an ABI Prism
model 310 genetic analyzer (PE Applied Biosystems) and analyzed with GeneScan 2.1 analysis
software (PE Applied Biosystems).
3.27. Phylogenetic analysis.
Endophyte sequences generated from this study and from representative strains of Epichloë spp.
determined previously (Craven et al., 2001b) were aligned using the PILEUP program
implemented in SEQWeb Version 1.1 with Wisconsin Package Version 10 (Genetics Computer
Group, Madison, Wisconsin). PILEUP parameters were adjusted empirically; a gap penalty of 2
and a gap extension penalty of 0 resulted in accurate alignment of intron-exon junctions, and in a
reasonable alignment of intron regions. Alignments were scrutinized by eye.
Gene trees were created from aligned sequences by using PAUP* version 4.0b10
(Swofford, 1998). Maximum parsimony (MP) analysis employed the branch and bound option
for exact solutions. For parsimony analysis, character changes were unweighted and unordered,
with gaps treated as missing information. Tree roots were estimated by midpoint rooting.
Robustness of the inferred phylogenies was estimated using 1000 bootstrap replications under
MP criteria and a fast-heuristic search option with simple stepwise addition of sequences and tree
bisection-reconnection branch swapping. All branches receiving 70% or higher bootstrap values
were considered well supported. For distance-based analysis, neighbor-joining (NJ) trees were
constructed using Kimura two-parameter distance matrices (assuming a transition to transversion
ratio=2.0). Maximum likelihood (ML) trees were constructed from 1000 quartet puzzle trees
using the PUZZLE search option. A Hasegawa-Kishino-Yano model was employed assuming a
transition/transversion ratio of 2.0.
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3.28. Karyotyping of endophyte-infected grasses.
Chromosomes from a subset of infected grasses were stained and counted from fresh root tips
from the protocol of Jauhar (1993) with modification. Plants were grown in light, well-drained
soil mix for approximately 2 weeks. Fresh, plump root-tips (about 1 cm long) were excised and
placed in prechilled water for 1-2 days. The chilled root tips were fixed in freshly prepared acetic
alcohol (3 parts 95% ethanol + 1 part glacial acetic acid) for 3 to 14 days at 4 °C. The fixed root
tips were briefly washed in distilled water, hydrolyzed in preheated 1N HCl at 60°C for 12 to 16
minutes, and stained with warm leuco-basic fuchsin (Feulgen stain) at ca. 40°C in the dark for
ca. 1-4 hours. The stained, dark-purple tips (about 2 mm long) were removed and placed on a
slide, then squashed in 1% acetocarmine or 45% acetic acid. A coverslip was placed on the slide,
allowing the solution to spread out evenly.!The slide was heated briefly over a flame, and then
placed between two pieces of filter paper and thumb squashed with a single, forceful movement.
Slides were examined with a compound microscope at 1000 X magnification. At least three
chromosome counts were performed for each grass.
!
3.3. Results.
3.31. Sequence similarity of endophyte strains in several subg. Schedonorus spp.
Endophytes isolated (e376, e377, e379, e1133, e4142) from five different grasses collected in
Africa and Europe were each found to carry the same set of three distinct tub2 genes (Figure 3.1)
found in the European tall fescue endophyte, N. coenophialum (e19; Tsai et al., 1994). Similarly,
each of these isolates had two copies of the tef1 gene that were virtually identical to those found
in N. coenophialum (Figure 3.2). Interestingly, there were three instances of very small insertions
or deletions in the tef1 genes of some of these N. coenophialum strains, all involving
homopolymer stretches. They were uninformative, and were not evaluated for phylogenetic
estimation.
To determine whether any genetic variability could be detected between these
endophyte strains and N. coenophialum (besides that mentioned above), I utilized primers
flanking hypervariable microsatellite loci (described in Moon et al., 1999) to amplify alleles
from each endophyte. The resulting microsatellite profiles (allele sizes) are given in table 3.3.
These results illustrate that, while these strains have quite similar profiles to that of
N. coenophialum, they are not genetically identical. For example, at locus B4 (Table 3.3),
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N. coenophialum was observed to have a single allele of 98 nucleotide units (ntu’s). While
endophyte strains e376, e377, e379, e4054, e4142, and e4154 all shared this particular allele size,
all but e4154 had a second unique allele size of approx. 86 ntu’s at this locus. There were several
examples of this phenomenon, and also of apparently unique allele sizes for some isolates (eg. an
ntu of 197.5 for isolate e1133 at locus B6). Three additional isolates (e4054, e4154, e4159) were
included for which tub2 or tef1 gene sequences have not been determined. Each had instances of
polymorphic loci, and e4054 and e4154 had profiles quite similar to the isolates above and N.
coenophialum (Table 3.3). In fact, the microsatellite profile of isolate e4054 was virtually
identical to isolate e376. In contrast, isolate e4159 had allele sizes more similar to FaTG-2 and
FaTG-3, which were distinct from N. coenophialum at a majority of microsatellite loci.
Although tub2 and tef1 sequences were not determined for these three isolates (e4054,
e4154, e4159), two tef1 genes were PCR amplified from each, one of which was amplified using
primers specifically designed for N. coenophialum. Conidial morphology was also examined for
this entire group (data not shown), and was very similar to the European N. coenophialum in size
and placement upon the conidiogenous cell.
3.32. Karyotypic analysis of subg. Schedonorus spp. grasses.
Several grasses were chosen for karyotyping, including the European tall fescue host of
N. coenophialum and the subg. Schedonorus hosts of the genetically similar strains identified
above. The results of this analysis are shown in Figure 3.3. The diploid situation is shown for
comparison in 3.3a, where fourteen chromosomes (2n=2x=14) are observed for L. perenne (itself
not a known host of N. coenophialum). The karyotype shown in Figure 3.3c corresponds to the
European hexaploid F. aundinacea host of N. coenophialum. The remaining karyotypes are from
the hosts of the genetically similar strains, and they consist of a European tetraploid variety
(3.3b; 2n=4x=28), African hexaploid tall fescue (3.3d; 2n=6x=42), and two African octoploids
(3.3e-f; 2n=8x=56).
3.33. Phylogenetic trends in the genus Festuca.
MP analysis of the appended cp sequences resulted in 51 trees of 152 steps in length. Of 1574
total characters, 1446 were constant, 36 variable characters were parsimony-uninformative and
92 were parsimony-informative.
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Several informative groups emerge within the grass phylogenies. From the MP analysis
(Figure 3.4), all of the Festuca subg. Schedonorus spp. form a monophyletic group with the
diploid Lolium spp., and are clearly distinguished from the Festuca subg. Festuca grasses.
Festuca scariosa, an African diploid species proposed elsewhere to have diverged relatively
early in this group and likely to have contributed a genome to the tetraploid Festuca mairei
(Borrill, 1972), groups basally to the entire Lolium/subg. Schedonorus clade. Among the subg.
Schedonorus spp., African grasses are separated from their European congenerics, with
hexaploids from S. Spain, Tunisia and Algeria forming a clade basally to the Moroccan
polyplopids and Festuca mairei lying between these two clades. The Moroccan hexaploids have
identical cp haplotypes and are distinguishable from the cytologically verified octoploids.
Karyotypes were not determined for plants P4150 and P4154. Among the European Lolium
species, all of the diploid species (L. multiflorum, L. rigidum, L. perenne, and L. canariense)
form a coherent clade with F. pratensis, with L. rigidum placed basally. The European hexaploid
tall fescue plants have identical chloroplast haplotypes, and they are indistinguishable from the
tetraploid F. arundinacea.
Both NJ and ML analyses support most of the relationships indicated by parsimony
(Figures 3.5 and 3.6, respectively). The placement of F. mairei is uncertain in parsimony
analysis, but resolved in ML and in agreement with NJ.
3.4. Discussion.
The combination of tub2 and tef1 sequence data, together with the microsatellite results and
spore morphology, strongly suggest that the Neotyphodium endophytes infecting the European
tetraploid and Moroccan hexaploid and octoploid grasses of F. arundinacea are all strains of N.
coenophialum. The microsatellite results are quite important in this regard, in that they illustrate
some genetic variability among host-associated N. coenophialum strains. Additionally, similarity
in microsatellite profiles and spore morphology of isolates e4150, e4154, and e4054 suggest that
they are also quite likely N. coenophialum strains, and this could be verified by sequencing of the
tub2 and tef1 genes. The Tunisian isolate e4159 has a very similar microsatellite profile to FaTG3 from S. Spain, as well as similar spore size and morphology, suggesting that e4159 likely
belongs to this species.
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Perhaps the most interesting question to pose is how the asexual symbiont
N. coenophialum came to infect multiple related host taxa. The nature of its origins in these hosts
is addressed with two concepts in mind. First, the tetraploid, hexaploid and octoploid varieties of
F. arundinacea identified here as harboring N. coenophialum are typically interfertile, with the
hexaploid and octoploid varieties likely arising from hybridization events involving the
tetraploid variety (Chandrasekharan and Thomas, 1971; Humphreys et al., 1995). The other
progenitor to the hexaploid is most likely the diploid F. pratensis, while Festuca mairei (an
African tetraploid) has been proposed as hybridizing with tetraploid F. arundinaceato yield the
octoploid. Secondly, N. coenophialum infection of European hexaploid tall fescue is completely
asymptomatic, highly mutualistic, and the endophyte is asexual and transmitted vertically
through the seeds at efficiencies approaching 100%. In fact, no external stage has been reported
for N. coenophialum in European hexaploid tall fescue, and no hyphae or conidia were found on
the surface of infected material from the polyploids examined here (data not shown). These life
history characteristics of both hosts and endophyte suggest that N. coenophialum may have been
inherited through introgression involving host hybridization events.
When the European or African grasses are examined separately, the lack of genetic
divergence among the N. coenophialum isolates is mirrored in the chloroplast data [Figures 4.54.7; eg. tetraploid and hexaploid European varieties; hexaploid and octoploid Moroccan
varieties]. These data are consistent with a shared evolutionary history for chloroplasts and
endophytes. One of the most parsimonious scenarios involves the tetraploid (4x) F. arundinacea
as the initial host of N. coenophialum. In Europe, the tetraploid may have hybridized with the
diploid (2x) F. pratensis to yield triploid progeny that have inherited the fungal symbiont from
4x F. arundinacea. In some rare instances, a natural chromosome doubling occurs in the triploid
plant, restoring fertility and stabilizing the infected hybrid. This could yield hexaploid tall fescue.
The fact that the tetraploid and the hexaploid have identical chloroplast sequences and N.
coenophialum endophytes suggests that the tetraploid was the likely cytoplasmic (maternal)
progenitor in the hybridization event, an argument supported elsewhere (Charmet et al., 1997).
Breeding studies investigating crossability and F1 hybrid fertility are highly suggestive of this
origin for the hexaploid form (Chandrasekharan and Thomas; 1971; Chandrasekharan et al.,
1972), and are supported by chromosomal pairing affinities (Humphreys et al., 1995) and
morphology (Malik and Thomas; 1966).
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In a similar manner, the octoploid (8x) form of F. arundinacea could have also inherited N.
coenophialum in a hybridization event between 4x F. arundinacea and Festuca mairei, again,
likely followed by chromosome doubling (Chandrasekharan et al., 1972; Borrill et al., 1971).
Although no decaploids were examined in the present study, four octoploid plants were
identified and three were found to contain the N. coenophialum endophyte. All of the octoploids
had identical chloroplast sequences (including an uninfected plant obtained from an independent
source) and are phylogenetically distinct from the European fenas-like sequence, being more
similar to that of Moroccan hexaploids and Festuca mairei (eg. Figure 3.4). If this scenario is
correct, these results suggest that in the hybridization and subsequent chromosome doubling
event(s) that resulted in the 8x form, the chloroplasts were likely inherited from the F. mairei
progenitor (also supported by Charmet et al., 1997), but the N. coenophialum endophyte was
inherited by the European 4x F. arundinacea. Thus, in this instance the endophyte is still
vertically transmitted, but not by the chloroplast donor.
Within the grass family, nuclear DNA is bi-parentally inherited, but chloroplasts and
mitochondria (the organelles) are typically maternally transmitted. This is particularly important
for this study, as it allows comparison with the maternally transmitted endophytes. Although
there are no known instances of paternal endophyte transmission (endophytic growth in host
reproductive tissues is confined to the ovary; Hinton and Bacon, 1985), paternal transmission of
mitochondria and chloroplasts has been reported in interspecific crosses in the genus Lolium
(Kiang et al., 1994). Thus, although we cannot rule out the possibility of paternal endophyte
transmission, these data may suggest that N. coenophialum was inherited from the maternal
(European) ancestor, while the chloroplasts were inherited from the paternal (African) lineage.
Additional evidence for this type of vertical endophyte inheritance may actually lie in the
lack of N. coenophialum in the Tunisian, S. Spain, and Algerian hexaploid representatives.
Although the particular grass genotypes examined here have not been crossed with the European
hexaploid or any of the polyploids, breeding and cytological studies involving hexaploids from
these geographical regions suggest almost complete reproductive isolation from hexaploids
collected in other areas (Evans et al., 1973; Hunt and Sleper, 1981; Jauhar, 1975a, b, c). Such
studies have even suggested that these particular ecotypes may have had at least one different
progenitor from the more typical European type. Therefore, I find it of great interest that these
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particular grasses all harbor endophytes genetically distinct from N. coenophialum. According to
my working hypothesis, infertility between hosts precludes N. coenophialum infection.
It must be pointed out that the events hypothesized above may not involve the “initial
hybridization event” resulting in the formation of these polyploids. Indeed, among these grasses,
the lines between the generation of novel polyploids and introgression become somewhat blurred
and grasses of a certain ploidy level may be continuously formed, perhaps even from different
progenitors). The sequence identity of the European hexaploid and tetraploid, as well as the near
identity between the Moroccan octoploids and hexaploids may support this scenario of
introgression. Additionally, the polyphyletic nature of the three different hexaploid groups and
the level of genetic diversity therein may provide additional evidence for a more dynamic
genomic evolution. As an example, consider the case of a hexaploid like tall fescue that has four
chromosomes derived from the tetraploid variety of F. arundinacea and two from the diploid
F. pratensis. The meiotic cells (1n) would thus contain a “fenas-like” genome and one from
F. pratensis. If at some point following its formation as a karyotypically distinct polyploid, the
hexaploid undergoes a subsequent hybridization event with the tetraploid F. arundinacea, it is
possible that the third chromosome (in this case, the F. pratensis-like chromosome) would be
lost, resulting in two pairs of homologs (2n=4x=28) and the reconstitution of the tetraploid
variety. Given the ease with which artificial crosses between many of these subg. Schedonorus
polyploids can be made, it seems most likely that this type of gene introgression occurs naturally.
If the rates of introgression are high enough, this compilospecies would be better viewed as a
“hybrid swarm” with fluctuating identities and genome compositions. If the hexaploid plant
involved in the cross were infected with an endophyte, the potential exists that it could be
introgressed from the higher ploidy level plant to the lower. Under this type of scenario, N.
coenophialum infection might have followed, rather than accompanied, the hybridization event
that initially formed these polyploids. Whichever of these scenarios is correct is less important
than the notion that N. coenophialum is being vertically disseminated amongst different
interfertile hosts. This may represent a novel means of host expansion for an asexual endophyte,
and perhaps more importantly, provides a rapid means to generate novel genetic combinations
consisting of heterogeneous host genomes and a symbiont known to be highly mutualistic to its
European hexaploid tall fescue host.
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There are some obvious shortcomings of this research that could be addressed with
additional study. First, the actual interfertility relationships between the particular grasses
analyzed in this study are unknown and assumed from other studies using plants collected from
similar regions. Performing the respective crosses with these endophyte-infected grasses,
preferably in both directions, would simultaneously allow assessments of hybrid fertility and
endophyte inheritance. Related to this point is the need for more extensive sampling of grasses in
this group, both within the Mediterranean region and elsewhere. This holds tremendous potential
as a source of germplasm for breeding purposes and may provide a unique repository of
endophytic symbionts for turf and forage enhancement. More directly related to the hypotheses
proposed here, an extensive collection trip would allow a more accurate assessment of genetic
diversity within polyploids and the Festuca-Lolium group as a whole. It is quite possible that the
extremely close relationship between the chloroplast sequences of many of these grasses may be
a result of artificially selecting plants based upon their infection status. By analyzing infected
plants, we may have unwittingly selected for certain genotypes of introgressing grasses. Indeed,
these plants may be unrepresentative of these ploidy series as a whole, and may be simply
reflecting subpopulations that did form hybrids in which endophytes such as N. coenophialum
were inherited from 4x F. arundinacea. Other populations may exist that lack N. coenophialum
or have greater amounts of genetic diversity, or both. The possibility exists that endophytes like
N. coenophialum only infect certain grass genotypes. A recently obtained collection of tall fescue
plants grown from seed from several populations in Morocco, Tunisia and Italy (Clement et al.,
2001) was found to contain many Neotyphodium endophytes, all of which had spore sizes in the
range of hybrids (Craven, unpublished results). This collection may therefore represent a
promising starting point for such an analysis.
These notions of introgression involving both grass hosts and their fungal endophytic
symbionts are highly suggestive of immense evolutionary potential for these symbioses. Grasses
by themselves exhibit various ecological characteristics and life history strategies that promote
rapid adaptation and colonization. Hybridization among grasses permits rapid introgression of
potentially beneficial genetic material leading to enhanced competitive abilities within a current
environmental niche, or the possibility of novel niche occupation. As immense as this potential
for evolutionary innovation may be for the grasses, it is equally so for the endophytes. The
metabolic diversity characterizing these fungi is quite striking, and contributes greatly to their
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effectiveness as mutualists. The pyramiding of suites of defensive alkaloid genes that could
result from parasexual hybridization provides both immediate fitness enhancements for the
symbiosis and the raw material for novel properties to arise in a process parallel to gene
duplication and divergence.
Emerging from this notion of hybridization as a means of providing rapid evolutionary
potential for both grasses and endophytes is a symbiosis that may be unparalleled in all of
biology. Seed-transmissibility and the maintenance of the endophytic symbionts through host
hybridization events may even indicate that beneficial endophytes are inherited as a sort of
“dowry” that can affect the ultimate success of fledgling grass hybrid species. The number of
distinct genomes (both plant and fungal) present in the F. arundinacea-N. coenophialum
symbiosis is truly impressive, displaying a staggering quantity of raw genetic material upon
which natural selection can act. One partner endows incredible growth and adaptability
characteristics and the other provides effective protection from both biotic and abiotic stresses.
Hybridization events in the Lolium-Festuca complex and their grass endophytes thus represent
co-evolutionary experiments on a grand scale. In the next chapter, I describe how a group of
endophytes (termed the LAE-clade endophytes) illustrate endophyte hybridization as a
mechanism of generating diversity. In this chapter, I provide evidence to suggest that host
hybridizations may serve the same purpose; namely to maximize the evolutionary potential of
the symbiosis.
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Table 3.1. Endophyte isolates and host plants examined in this study.
Host grass

Ploidy

Region

Source

Endophyte isolate

Festuca pratensis

2x

Europe

D. Schmidt

e167 1, 2

Festuca arundinacea

4x

France

C. West

e1133 2, 3

Festuca arundinacea

4x

France

C. West

e4150
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Festuca arundinacea

4

6x

Europe

M. R. Siegel

e19 2, 3

Festuca arundinacea

4

6x

Europe

P. Burrus

uninfected

Festuca scariosa

2x

Africa

T. Phillips

uninfected

Festuca mairei

4x

Africa

PI283312

uninfected

Festuca arundinacea

6x

Morocco

C. West

e376 2, 3, e4154

Festuca arundinacea

6x

Morocco

PI516564

e4054 3

Festuca arundinacea

6x

Tunisia

C. West

e4159 3

Festuca arundinacea

6x

S. Spain

M. Christensen

e4074 1, 3

Festuca arundinacea

6x

Algeria

M. Christensen

e4078 1, 3

Festuca arundinacea

8x

Morocco

C. West

e4142 2,3, e379 2,3

Festuca arundinacea

8x

Morocco

C. West

e377 2,3

Festuca arundinacea

8x

Morocco

PI577096

uninfected

1

Represents distinct endophyte species: e167 (Neotyphodium uncinatum); e4074 (FaTG-3); e4078 (FaTG-2).

2

Endophyte included in phylogenetic analysis of tub2 and tef1 genes.

3

Endophyte included in microsatellite analysis.

4

Likely germplasm from original ‘Kentucky 31” cultivar.

Table 3.2.

Oligonucleotide primers used in chapter three.
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Primer designation

Region

Sequence (5' - 3')

Orientation

B48557a

trnT-trnLspacer

CATTACAAATGCGATGCTCT

downstream

A49291a

trnT-trnLspacer

TCTACCGATTTCGCCATATC

upstream

B49317a

trnL intron

CGAAATCGGTAGACGCTACG

downstream

A49855a

trnL intron

GGGGATAGAGGGACTTGAAC

upstream

B49873a

trnL-trnF spacer

GGTTCAAGTCCCTCTATCCC

downstream

A50272a

trnL-trnF spacer

ATTTGAACTGGTGACACGAG

upstream

trnTtrnL359-340ub

trnT-trnL spacer

TATTAGATTATTCGTCCGAG

upstream

trnTtrnL306-325db

trnT-trnLspacer

GGAATTGGATTTCAGATATT

downstream

trnLintron285-303db

trnL intron

CATAGCAAACGATTAATCA

downstream

trnLintron303-285ub

trnL intron

TGATTAATCGTTTGCTATG

upstream

trnLtrnF.77-97db

trnL-trnF spacer

TTTAAGATTCATTAGCTTTC

downstream

a

Primers used in PCR and sequencing.

b

Internal primers used in sequencing only.

Table 3.3. Microsatellite genotypes of Neotyphodium isolates included in this study.a
Microsatellite alleles
Species

Isolate

N. coenophialum e19

B1

B2

292.2 -

B4

B5

B6

B9a

B9b

B10

B11

98.0

69.7

191.7 270.0 178.9 160.8 147.3
181.9 183.9 191.7

e1133

e376

e4054

e4154
e4159

292.3 -

292.4 -

292.3 -

292.4 -

86.2

62.4

197.5 269.3 179.1 157.8 164.4

99.3

69.3

182.0 160.7 191.6

86.4

62.5

191.8 269.2 179.2 161.1 180.4

99.1

70.6

182.1

86.6

62.5

190.9 269.3 179.0 161.0 180.3

99.0

69.4

181.9

97.6

62.5

191.7 269.1 179.0 160.5 163.2

70.2

181.9 163.2 191.3

126.9 115.4 80.2

170.6 189.6

e4142

e379

292.4 -

292.3 -

191.7

191.7

184.7 160.8 126.4
198.2

86.3

62.4

191.1 269.2 179.0 161.0 180.3

98.0

70.5

182.0 169.6 191.6

86.3

62.4

194.6 269.3 179.1 160.9 168.4

99.3

71.6

182.0 169.6 191.6
197.4

e377

FaTG-3

e4074

292.4 -

nd

86.3

62.5

192.0 270.3 179.1 160.8 164.4

99.4

70.6

183.2 180.8 195.6

140.7 115.3 80.3

170.8 189.6

FaTG-2

e4078

292.3 -

95.4

69.8

178.5

185.7 268.1 179.8 169.4 125.4
192.3
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183.8 169.6 126.3

183.8 184.1 138.4

Table 3.3. (Cont’d):
a

Products from PCR reactions using primers specific for the microsatellite loci indicated (Moon,

1999; Moon et al., 1999). Product sizes were determined on an ABI Prism 310 Genetic Analyzer
(PE Applied Biosystems, Foster City, CA. Allele sizes are shown in nucleotide units (ntu).
Products within 1 ntu are likely the same allele size, with differences likely reflecting terminal
deoxynucleotide transferase activity of Taq DNA polymerase. Dashes indicate that no alleles
were detected, and n.t. = not tested. Microsatellite locus B9 was amplified using primers B9.1
and B9.2 (product B9a), and B9.1 and B9.4 (product B9b) (Moon et al., 1999).
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tub2

Figure 3.1. MP phylogeny based upon tub2 data
91 E. festucae (F. rubra subsp. commutata)
E. festucae (F. rubra subsp. rubra)
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N. coenophialum [L. arundinaceum (Europe); 6x]
N. coenophialum [L. arundinaceum (Europe); 4x]
N. coenophialum [L. arundinaceum (Africa); 6x)

copy 1

N. coenophialum [L. arundinaceum (Africa); 8x]
97

N. coenophialum [L. arundinaceum (Africa); 8x]
99

E. baconii (Agrostis stolonifera)
E. baconii (Agrostis tenuis)

91

N. coenophialum [L. arundinaceum (Europe); 6x]
N. coenophialum [L. arundinaceum (Europe); 4x]
N. coenophialum [L. arundinaceum (Africa); 6x)
N. coenophialum [L. arundinaceum (Africa); 8x]
N. coenophialum [L. arundinaceum (Africa); 8x]
E. baconii (Calamagrostis villosa)
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E. amarillans (Sphenopholis obtusata)

73

E. amarillans (Agrostis hiemalis)
E. bromicola (Bromus erectus)

100

E. bromicola (Bromus ramosus)
E. elymi (Elymus virginicus)

99

E. elymi (Elymus canadensis)
E. glyceriae (Glyceria striata)

100

E. glyceriae (Glyceria striata)
100

E. brachyelytrum (Brachyelytrum erectum)
E. brachyelytrum (Brachyelytrum erectum)
N. coenophialum [L. arundinaceum (Europe); 6x]
N. coenophialum [L. arundinaceum (Europe); 4x]
80 N. coenophialum [L. arundinaceum (Africa); 6x)

copy 3

N. coenophialum [L. arundinaceum (Africa); 8x]
N. coenophialum [L. arundinaceum (Africa); 8x]

94
75

N. uncinatum (L. pratense)
E. typhina (Poa nemoralis)
E. typhina (Poa pratensis)

99

E. sylvatica (Brachypodium sylvaticum)
E. typhina (Brachypodium pinnatum)
E. typhina (Dactylis glomerata)
E. typhina (Anthoxanthum odoratum)
E. typhina (Phleum pratensis)

91
94

99
74

E. typhina (Lolium perenne)
E. clarkii (Holcus lanatus)
E. typhina (Phleum pratensis)

E. sylvatica (Brachypodium sylvaticum)

1 change
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copy 2

Figure 3.1. One of 108 MP trees resulting from a branch-and-bound search on b-tubulin (tub2)
gene sequences from endophytes, indicating the relationships of three gene copies found in N.
coenophialum with the single gene copies in Epichloë (sexual) species. Tree is midpoint rooted.
All three copies were present in N. coenophialum isolates from 6x, 4x, and 8x F. arundinacea.
Species of Epichloë and Neotyphodium are listed followed by host species in parentheses. Ploidy
level and continent of origin are listed for hosts of N. coenophialum. The tree is 139 steps in
length; consistency index=0.8489; retention index=0.9391; re-scaled consistency index=0.7972.
Of 804 total characters in the aligned sequences, 700 were constant, 27 variable characters were
parsimony-uninformative and 77 were parsimony-informative. Alignment gaps were treated as
missing information. Bootstrap values from 1000 replications generated under MP criteria and a
fast-heuristic search option with simple stepwise addition of sequences and tree bisectionreconnection branch swapping are listed above relevant branches.
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Figure 3.2. MP tree based upon tef1 data
E. amarillans (Sphenopholis obtusata)
E. amarillans (Agrostis hiemalis)
E. festucae (F. rubra subsp. commutata)
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Figure 3.2. One of 360 MP trees resulting from a branch-and-bound search on translationelongation factor 1-a (tef1) gene sequences from endophytes, indicating the relationships of two
gene copies found in N. coenophialum with the single gene copies in Epichloë (sexual) species.
Tree is midpoint rooted. Both copies were present in N. coenophialum isolates from 6x, 4x, and
8x F. arundinacea. Species of Epichloë and Neotyphodium are listed followed by host species in
parentheses. Ploidy level and continent of origin are listed for hosts of N. coenophialum. The tree
is 218 steps in length; consistency index=0.8578; retention index=0.9514; re-scaled consistency
index=0.8161. Of 885 total characters, 713 are constant, 46 variable characters are parsimonyuninformative and 126 are parsimony-informative. Gaps were treated as missing information.
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Figure 3.3. Karyotypes of L. perenne and subg. Schedonorus grasses

A.

B.

C.

D.

E.

F.
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Figure 3.3. Karyotypes of some Festuca spp. analyzed in this study. Grasses with karyotypes
shown in B-F all harbored N. coenophialum. Lolium perenne (2n=2x=14) karyotype is shown in
A to represent the diploid condition, and this grass is infected naturally with genetically distinct
endophyte species not examined here. Karyotypes are: A) Lolium perenne (2n=2x=14); B) 4x F.
arundinacea (2n=28); C) European 6x F. arundinacea (2n=42); D) Moroccan 6x F. arundinacea
; E, F) Moroccan 8x F. arundinacea (2n=56). All chromosome counts were based upon at least
three separate mounts.
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Figure 3.4. MP tree based upon grass cp sequences
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F. arundinacea (P4150)
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F. arundinacea (8x; uninfected)
F. arundinacea (8x; P4142)
F. arundinacea (8x; P4148)
F. arundinacea (P4154)
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F. arundinacea (8x; P4140)
F. scariosa
100
100

F. r. commutata
F. r. rubra

Subg. Festuca
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Agrostis tenuis

Tribe Aveneae

Calamagrostis villosa
5 changes
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subg. Schedonorus
African
Moroccan

Figure 3.4. One of 51 MP trees resulting from a branch and bound search on appended cpDNA
sequences from the trnT-trnL spacer, the trnL intron, and the trnL-trnF spacer regions. Tree is
rooted using C. villosa and A. tenuis as outgroups. Ploidy level is listed in parentheses where
determined. The tree is 152 steps in length; consistency index=0.9013; retention index=0.9296;
re-scaled consistency index=0.8378. Of 1574 total characters, 1446 were constant, 36 variable
characters were parsimony-uninformative and 92 were parsimony-informative. Gaps were
treated as missing information.
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Figure 3.5. NJ tree based upon grass cp sequences
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Tribe Aveneae

Figure 3.5. Neighbor-joining (NJ) tree inferred from non-coding grass chloroplast DNA
(cpDNA) sequences using a two-parameter Kimura distance matrix with assumed ts/tv=2.0. Tree
is outgroup rooted using Calamagrostis villosa and Agrostis tenuis (tribe Aveneae). Parentheses
following grass taxa indicate ploidy level (where determined) and uninfected grasses.
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Figure 3.6. ML (Puzzle) tree based on grass cp sequences
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Figure 3.6. Chloroplast gene tree based upon ML puzzle analysis of trnT-trnL and trnL-trnF
spacers and trnL intron sequences. Tree is based upon a Hasegawa-Kishino-Yano (HKY85+G)
model with assumed ts/tv=2; number of puzzling steps = 1000. Tree shown represents majorityrule consensus and numbers at branches are estimations of support for each branch.
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Chapter Four
Co-evolutionary relationships between cool-season grasses and symbiotic fungal endophytes
4.1. Introduction
Biotrophic fungi in the family Clavicipitaceae (Ascomycotina) are remarkable for the spectrum
of interactions they exhibit with their hosts and their diverse secondary metabolism. The extent
of host colonization varies from localized, tissue-specific infections to intimate systemic
symbioses (Clay, 1988). An example of the former is Claviceps purpurea, the ovarian parasite of
small grains such as rye and a major cause of ergot poisoning in mammals, including humans. In
contrast, genera in the tribe Balansiae typically form systemic and perennial infections in
grasses. Many balansoid fungi are also known to produce physiologically active metabolites,
and deterrence of herbivory may have selected for a more symbiotic, and increasingly
endophytic growth habit. In particular, the grass endophytes have become so integrated into their
hosts that their transmission strategies have become inexorably linked. Consequently many of
these symbionts have evolved into effective defenders of their host grasses, a plant family
interestingly devoid of its own defensive chemistry (Coughenour, 1985).
Fungal endophytes in the closely related genera Epichloë and Neotyphodium are common
symbionts infecting cool-season grasses in the subfamily Pooideae. Grasses naturally infected
with these endophytes exhibit no symptoms of disease nor mount any defensive response during
most or all of their life cycle, even though the fungus systemically colonizes the intercellular
spaces of all aboveground host tissues (Schardl and Phillips, 1997). Hyphal growth is relatively
sparse and rarely branched, running parallel to elongating plant cells. The endophyte doesn’t
form parasitic feeding structures such as haustoria, and instead, appears to subsist solely on
apoplastic fluids. Hosts typically maintain these systemic infections for life and many
endophytes are directly transmitted to the host offspring through the seed (Freeman, 1904;
Sampson, 1935). This occurs when the fungus passively invades the reproductive tissues of their
host and colonizes the developing ovules. Mature, endophyte-infected seed is fully viable and
gives rise to the next generation of infected grasses. The integration between asexual
(Neotyphodium spp.) endophytes and their hosts is essentially complete, and these symbionts rely
entirely upon maternal seed transmission for propagation. This restriction to asexuality is the
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basis for their separation into a distinct genus from their close sexual Epichloë relatives (Glenn et
al., 1996).
As an alternative transmission strategy, the Epichloë endophytes can initiate an external
sexual stage that coincides with, and is antagonistic to, sexual reproduction in the host. Early in
the development of the grass reproductive organs (inflorescences), hyphae of the fungus emerge
externally around some or all inflorescences and coalesce to form conidiogenous (spermatial)
stromata. This causes the immature inflorescences to abort, and is known as grass "choke"
disease. Mutualistic flies transfer spermatia to stromata of opposite mating type (heterothallic,
bipolar mating system), resulting in fertilization and the development of mature perithecia
(Chung and Schardl, 1997). Ascospores are ejected onto the florets of nearby compatible hosts,
where they germinate and colonize the seeds, re-establishing the symbiotic state with the
emerging seedlings. Thus, functionally speaking, both horizontal and vertical endophyte
transmission involve seed colonization but sexual, recombinant ascospores contagiously infect
new host genotypes while asexual, clonal endophytes are inherited by descent.
Some species of Epichloë, such as Epichloë typhina, choke every inflorescence and
abolish all seed production in infected hosts. These endophytes most closely resemble true
pathogens and represent the antagonistic extreme in these interactions. Other Epichloë species
are capable of both vertical (seed) and horizontal (ascospore) transmission on the same host
plant, and they are said to have a “mixed” transmission strategy wherein both host and symbiont
retain the benefits of sexual recombination. It has been proposed that these interactions likely
require such a high degree of coadaptation that once established, they would likely be maintained
over evolutionary time (Schardl et al., 1997).
While some Epichloë species consist of host-associated populations that share the same
type of transmission, others exhibit plasticity in this trait. For example, while Epichloë bromicola
infecting Bromus erectus is reliant upon horizontal transmission, E. bromicola in Bromus
ramosus and B. benekenii depends entirely on seed transmission. Even more striking, Epichloë
sylvatica is apparently comprised of genetically distinct populations utilizing a strictly vertical,
strictly horizontal, or a mixed transmission strategy within populations of the same host grass,
Brachypodium sylvaticum (Brem and Leuchtmann, 1999; Bucheli and Leuchtmann, 1996).
Many grass endophytes, particularly those capable of seed transmission, interact
mutualistically with their hosts. As these endophytes assume a derived position among a larger
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clade of grass pathogens, it is plausible to propose that mutualism arose from parasitism in these
fungi (Kuldau et al., 1997). Seed transmission may have driven these relationships to greater
mutualistic extremes, as might be expected from theories regarding parasite virulence (Bull,
1994; Yamamura, 1993; Ewald, 1987). In support of this notion, the most effective mutualistic
endophytes described thus far are asexual Neotyphodium species, many of which are known to
effectively defend their hosts from various grazing mammals and insects (Bacon et al., 1977;
Bush et al., 1997) and plant pathogens (Gwinn and Gavin, 1992), as well as provide protection
from abiotic stresses such as drought and mineral deficiencies (Arechevaleta et al., 1989;
Malinowski and Belesky, 1999).
A majority of the grass endophytes are host specialized to distinct grass species, genera,
or tribes. Specialization and the subsequent genetic isolation of host-associated populations is
likely a major factor driving endophyte speciation (Schardl et al., 1997; Clay and Schardl, 2002).
The most notable exception to this concept of host specialization is the above-mentioned
E. typhina, a strictly horizontally transmitted species capable of infecting and sterilizing grasses
in three distinct tribes (Poeae, Aveneae, and Brachypodieae). Most interestingly, in contrast to all
other Epichloë species, E. typhina is comprised of genetically diverse, reticulating hostassociated populations (Craven et al., 2001b). Even though there is evidence of specialization
among these interfertile E. typhina populations (Chung et al., 1997), even occasional gene flow
would prevent long-term genetic isolation and subsequently delay speciation.
Phylogenetic studies including representatives of all known biological species of
Epichloë indicate some striking differences in genetic structure associated with different
transmission strategies. Trees based on non-coding regions of rDNA and the b-tubulin (tub2)
gene (Schardl et al., 1997), and translation-elongation factor 1-a (tef1), and actin (act1) genes
(Craven et al., 2001b), split the genus Epichloë into two major groups, or clades. One of these
clades contains all known host-associated populations of E. typhina, as well as two
interreticulated species, Epichloë clarkii and Epichloë sylvatica. Like E. typhina, E. clarkii
depends upon horizontal transmission and is interfertile with E. typhina (and thus a member of
the same biological species), but it is separated into a distinct morpho-species on the basis of
unique ascospore characteristics and host preference (White, 1993). Endophytes of this species
infect the grass Holcus lanatus, a host not known to harbor the closely related E. typhina. Unlike
E. clarkii, there is little or no interfertility between E. sylvatica and E. typhina (Leuchtmann and
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Schardl, 1998). This is surprising, given that the closest relative to E. sylvatica is an E. typhina
population infecting the related grass, Brachypodium pinnatum. Collectively, these three
Epichloë species are referred to as “the E. typhina complex” (Craven et al., 2001b)
The other major clade in the Epichloë phylogeny, designated “the main clade” (Craven et
al., 2001b), contains the remaining seven described biological species of Epichloë, and it is
dominated by species with mixed transmission. Host specialization is common in this group and
is likely responsible for the different phylogenetic pattern observed, with most biological species
forming distinguishable clades suggestive of genetic isolation. These results indicated that a
phylogenetic species concept could be adopted for most host-specialized Epichloë species
(Schardl et al., 1997; Craven et al., 2001b). Epichloë species with mixed transmission strategies
in the main clade include Epichloë festucae, Epichloë elymi, Epichloë amarillans, and Epichloë
brachyelytri. Epichloë bromicola is also in this group, and as mentioned above, is either strictly
horizontal or strictly vertical transmitted depending upon the host-associated population. Also in
the main clade are two species reliant upon ascospore transmission: Epichloë glyceriae and
Epichloë baconii. Interestingly, while E. glyceriae does appear to form a distinct phylogenetic
species, E. baconii endophytes infecting Agrostis spp. do not group exclusively with conspecifics
infecting Calamagrostis villosa.
Phylogenetic analyses of asexual Neotyphodium endophytes (seed-transmitted) have
revealed two unique evolutionary trends that illustrate their intimate relationships to Epichloë
species. Some, such as Neotyphodium lolii, appear to be asexual lineages directly derived from
their haploid Epichloë relatives (Schardl et al., 1994). Neotyphodium lolii is a common mutualist
of perennial ryegrass (Lolium perenne) that produces toxic lolitrem alkaloids known to cause a
toxicity disorder in sheep and cattle known as "ryegrass staggers." Genetically, N. lolii is almost
indistinguishable from E. festucae, a species with mixed transmission infecting several Festuca
species and Koeleria cristata. A stroma-forming Epichloë festucae is unknown to infect
L. perenne, suggesting that this grass may suppress sexual expression by the endophyte. It has
been hypothesized that N. lolii arose from a host jump by E. festucae into L. perenne, followed
by a restriction of endophyte sexuality (Schardl et al., 1994). In essence, the new host may have
"captured" the endophyte.
The second, and more surprising means by which Neotyphodium species may emerge is
exemplified by another perennial ryegrass endophyte, LpTG-2 (Schardl et al., 1994). In stark
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contrast to the haploid Epichloë species (and asexual endophytes like N. lolii), many asexual
endophytes like LpTG-2 contain multiple copies of genes such as tub2 (Schardl et al., 1994).
These genes have not arisen through simple duplication events, which would serve to group the
copies in phylogenies to the exclusion of tub2 genes from other endophytes. Instead, the gene
copies typically occur at disparate positions in the phylogeny and are related to distinct Epichloë
species. Such phylogenetic relationships indicate that many asexual strains are naturally
occurring interspecific hybrids involving different Epichloë species or haploid Neotyphodium
species. These indications of polyploid hybrid origins are strongly supported by similar analyses
of additional genes, isozymes and microsatellite profiles (Leuchtmann and Clay, 1990; Craven et
al., 2001a; Moon et al., 1999), as well as larger spore sizes than their haploid Epichloë relatives,
reflecting their increased genome content. LpTG-2 is a hybrid with genes derived from both N.
lolii and an E. typhina genotype also known to infect L. perenne (Schardl et al., 1994). This is an
illuminating example, as both haploid endophytes (one sexual, one asexual) and the hybrid
between them occur in the same host species, providing the interaction required for such
hybridizations to occur.
Although not all cool-season grass species are known to harbor Epichloë and/or
Neotyphodium endophytes, all well-sampled tribes have endophyte-associated species. Two
different hypotheses, not necessarily mutually exclusive, can be proposed to explain the
preponderance of endophyte symbioses that permeate Pooid grass tribes. First, that endophytes
are contagiously spread between host tribes, much as fungal pathogens are known to be.
Alternatively, the widespread distribution of these symbionts may indicate that endophytes have
a long history of association with cool-season grasses, and have been inherited by descent during
the radiation of this host subfamily. This second possibility would seem most likely for host
specialized, seed-transmissible Epichloë species and haploid Neotyphodium species but would
not be predicted for broad host range species or hybrids, for which introgression would act to
dispel the potential for coevolution.
Schardl et al. (1997) addressed the possibility of coevolution among sexual endophytes
and found that the phylogenetic relationships among Epichloë species in the main clade are
largely mirrored by those among their respective grass tribes, as determined by a published
phylogeny of the grass family (Soreng and Davis, 1998). Sister group relationships between
grass tribes Poeae and Aveneae were reflected in sister endophyte groups of E. festucae
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(infecting Poeae) and both E. amarillans and E. baconii (both infecting grasses in tribe
Aveneae). Similarly, grass tribes Bromeae and Triticeae form a sister group that corresponds to
the endophyte sister group of E. bromicola (Bromeae) and E. elymi (Triticeae). An endophyte
species deeply rooted within the main clade, E. brachyelytri, corresponded to the deeply rooted
grass tribe Brachyelytreae. In that analysis, the placement of E. glyceriae within the endophyte
phylogeny (approximately between the sister groups E. bromicola/E. elymi and E. festucae/E.
baconii/E. amarillans) did not appear to match the placement of the E. glyceriae host tribe
(Meliceae), more deeply rooted in the subfamily Pooideae. Explanations forwarded by the
authors to account for this discrepancy involved either a host jump by E. glyceriae, or a species
duplication event (endophyte speciation without accompanying host speciation) early on in the
evolution of the main group followed by independent phylogenetic tracking of two distinct
endophyte groups and their hosts (Clay and Schardl, 2002). As a result of their analyses, Schardl
et al. (1997) proposed that co-evolution by common descent is most likely among Epichloë
species with a mixed transmission strategy.
Evidence for coevolution relying solely on congruency in tree topologies has come under
some scrutiny (Page, 1995; Hafner and Nadler, 1990). In particular, the notion of precise
"mirror" phylogenies for co-evolving hosts and symbionts (even vertically-transmitted ones) is
rarely observed, and might be overly restrictive, or even deceptive (Page, 1995). A lack of
complete topological congruence can be ascribed to numerous evolutionary processes (Page,
1994; Paterson and Gray, 1997) including: 1) speciation in the parasite without corresponding
speciation in the host (parasite duplication; mentioned above as a possible explanation for
incongruence between endophyte and grass phylogenies); 2) host switches or “jumps”, whereby
a parasite transfers partially or completely to a new host; 3) loss of a parasite lineage from a host
lineage (sorting event); 4) failure of the parasite to speciate in response to a host speciation event
(Johnson et al., 2003). Additionally, incomplete taxonomic sampling or differences in mutation
rates between hosts and parasites, or even within either group can result in incongruence. In such
cases, researchers must accept a certain level of discordance between host and symbiont trees,
and assess whether there is evidence for widespread co-cladogenesis (Hafner and Nadler, 1990).
This study holds as a premise that genetic divergence of lineages, as measured by percent
genetic dissimilarity, is an effective estimator of evolutionary divergence. Members of an
interbreeding gene pool will have a greater amount of shared polymorphisms and be more
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genetically similar, or less genetically dissimilar, in comparison to populations between which
there is no gene flow. As populations remain isolated for longer periods of time, their genetic
dissimilarity increases until two distinct genetic groups or clades emerge (cladogenesis), often
marking a speciation event. Of critical importance here, just as these values can be estimated for
members of the grass family, so they can from their endophytic fungal symbionts.
Given the degree of integration of these endophytes into all phases of their host’s life
cycle (including reproduction), and the highly mutualistic nature many of these symbioses
exhibit, it is reasonable to propose that these intimate associations persist through evolutionary
time. Thus, patterns of genetic divergence among groups of cool-season grasses may be similar
to those of their symbiotic Epichloë and Neotyphodium endophytes (co-cladogenesis). Such
assessments are independent of branching orders, and more fundamentally, incorporate a notion
of temporal congruence (i.e. hosts diverge at approximately the same time as their symbionts)
that is lacking in tree-building approaches. In the case of endophytes and cool-season grasses, we
know that strict co-speciation is not occurring, because endophyte species are typically not
specialized to host species, but instead to host genera or tribes. Therefore, the goal of this
analysis is to determine whether clades of host taxa appear to have diverged at similar times as
clades of their respective endophytes.
To assess co-cladogenesis between endophytes and their host grasses, it is necessary to
discern phylogenetic relationships among grasses naturally harboring endophytes using a similar
genetic yardstick. Here, host relationships were resolved for all available endophyte-infected
grasses using non-coding gene sequence of chloroplast DNA. These data are particularly relevant
for several reasons. First, only grass genotypes naturally harboring these endophytes (natural
infections) were analyzed and the amount of gene sequence used in both cases is quite extensive,
providing robust phylogenetic signal from which to make our evolutionary inferences. Further,
chloroplast sequence provides the maternal line of host descent, to which we can directly
compare phylogenetic relationships of the maternally descended (seed-transmitted) endophytes.
I combined methodologies of tree inference with direct statistical evaluation of genetic distance
matrices to determine whether parallel trends of genetic divergence existed between host and
endophyte matrices. Genetic distances derived using maximum likelihood for endophytes and
their host grasses were analyzed using both correlation analysis and a non-parametric test of
association, known as the Mantel test, to determine if patterns of divergence were similar
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between the two. Additionally, distances were configured into ratios for each pairwise
comparison between two endophytes and their respective hosts and used as coordinates in
bivariate plots for regression and standardized residual analysis. Standardized residuals are used
to identify those comparisons lying two or more standard deviations from the imposed regression
line. Regression is not entirely appropriate for this analysis, as it requires both dependent and
independent variables. As we have no evidence to suggest that, for example, endophyte
divergence is dependent upon host divergence, correlation is a more appropriate analysis to
discriminate general trends. Here, regression is simply used as a means to identify hostendophyte pairs that fail to conform to a co-cladogenic hypothesis.
Comparisons were made to evaluate whether evidence for co-cladogenesis was more
prominent in particular host tribes or in associations involving endophytes characterized by
different transmission strategies. Representative endophytes (and their respective hosts) were
chosen from each major clade of the endophyte phylogeny for analysis and included the nonhybrid (haploid) asexual endophytes Neotyphodium aotearoae, Neotyphodium inebrians, and a
distinct, but as yet undescribed, Epichloë species infecting Holcus mollis, all of which appear to
represent unique clades in the endophyte phylogeny. Additionally, two asexual haploid
endophytes from Bromus purgans and Hordelymus europaeus, identified as E. elymi and
E. bromicola on the basis of artificial mating tests were included. Finally, alleles from four
hybrid endophytes infecting Festuca grasses (termed the FAE-clade endophytes) that form a
unique, monophyletic clade were also examined. Tests for substitution rate constancy (molecular
clock) were performed independently for host and endophyte sequence datasets, and
relationships were evaluated in light of the findings.
4.2. Materials and Methods
4.21. Fungal endophyte isolates and endophyte-infected grasses.
The cool-season grasses and their respective fungal endophytes are listed in Table 4.1. All
endophytes examined were from natural infections from which the corresponding natural host
plant, or leaf material from this plant was available. Representatives from all host tribes known
to harbor natural endophyte infections were included.
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4.22. Isolation of plant DNA.
Genomic DNA was isolated from 0.5-1.0 g of harvested endophyte-infected plant leaf material
using the CTAB method of Doyle and Doyle (1990), and dissolved in 1 mL of purified water
(Milli-Q; Millipore Corp., Bedford, Massachussets). Quantitation of DNA was determined using
a Hoefer DyNA Quant 200 fluorometer as described previously (Moon et al., 1999).
4.23. Amplification of chloroplast DNA (cpDNA) non-coding regions.
PCR amplification of one intron (trnL intron) and two intergenic spacers (trnT-trnL, trnL-trnF)
from cpDNA was performed from total plant DNA using primers flanking these regions
described in Taberlet et al. (1991), and listed in Table 4.2. Reactions were performed in 50 µL
volumes containing15 mM Tris-HCl, 1.5 mM MgCl2, 50 mM KCl, pH 8.0 in the presence of 200
µM of each deoxynucleotide triphosphate (dATP, dCTP, dGTP, and dTTP; Panvera, Madison,
Wisconsin), 200 nM of each primer (Integrated DNA Technologies, Coralville, IA), 0.025 U µL-1
Amplitaq Gold DNA polymerase (PE Applied Biosystems, Foster City, California), and 10 ng of
genomic DNA. Reactions were performed in a PE Applied Biosystems DNA thermal cycler
(Foster City, California), with a 9 min preheat step at 95 °C to activate the enzyme, followed by
35 cycles of 1 min at 95 °C, 1 min at 55 °C, and 1 min at 72 °C. Water blanks including reaction
components, but lacking DNA,were included as negative controls. All amplification products
were verified by 0.8 % agarose gel electrophoresis, followed by visualization with ethidium
bromide staining and UV fluorescence. The concentration of successfully amplified products was
estimated by comparison with a 100 bp quantitative ladder (Panvera).
4.24. DNA sequencing.
Amplified cpDNA products were purified for sequencing using Quiaquick spin columns
(Quiagen Inc., Valencia, California). Products were sequenced by the Sanger method (Thomas &
Kocher, 1993) with a Perkin-Elmer GeneAmp PCR System 2400 using a BigDye Terminator
Cycle sequencing kit (PE Applied Biosystems, Foster City, California) or CEQ 2000 Dye
Terminator Cycle Sequencing kit (Beckman-Coulter, Fullerton, California). The primers used in
PCR were also used in sequencing, along with several specific primers (also listed in Table 4.2)
designed for internal sequencing of amplified cpDNA fragments. Both DNA strands were
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sequenced. Products were separated by capillary electrophoresis either on an ABI Prism model
310 genetic analyzer (PE Applied Biosystems) and analyzed with Sequencing Analysis Version
3.0 software (PE Applied Biosystems), or on a CEQ 8000 genetic analyzer (Beckman-Coulter)
and analyzed using CEQ 2000 DNA analysis software. Sequences were assembled using either
Sequence Navigator software (PE Applied Biosystems) or Phrap (CodonCode Corporation,
Dedham, Massachussets).
4.25. Endophyte DNA sequences.
Beta-tubulin (tub2) and translation-elongation factor 1-alpha (tef1) gene sequences for the
majority of endophytes included in this study were obtained previously (Craven et al., 2001b;
Moon et al., 2000; Moon et al., 2002). Others were obtained as described in the preceding
chapter.
4.26. Phylogenetic analysis.
Both endophyte and cpDNA sequences in this study were aligned with the aid of PILEUP
implemented in SEQWeb Version 1.1 with Wisconsin Package Version 10 (Genetics Computer
Group, Madison, Wisconsin). PILEUP parameters were adjusted empirically; a gap penalty of
two and a gap extension penalty of zero resulted in reasonable alignment of intron-exon
junctions and intron regions of endophyte sequences and intergenic spacer and intron regions of
cpDNA sequences. Alignments were scrutinized and adjusted by eye. For phylogenetic analysis,
sequences from tub2 and tef1 were manually appended to create a single, contiguous sequence
for each endophyte. Likewise, sequences for both intergenic regions (trnT-trnL and trnL-trnF)
and the trnL intron were aligned individually and spliced to give a dataset of the same size for
each host grass, and then appended to yield a combined sequence alignment of approx. 2200 bp.
4.27. Generation of genetic distance matrices.
Maximum likelihood (ML) was employed to generate genetic distances (percent genetic
dissimilarity) independently for both endophytes and their host grasses. Parameters including the
proportion of invariable sites, nucleotide frequencies and substitution rates, and gamma shape
parameter were estimated from both sequence datasets using ML implemented in MrModelTest
1.1b (Posada and Crandall, 1998) and used as the starting parameters for the likelihood analyses.
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The generated distances were configured into matrices for phylogeny estimation and direct
statistical evaluation.
4.28. Phylogeny estimation and tests for a molecular clock.
Gene trees were inferred using PAUP* version 4 (Swofford, 1998). Maximum parsimony (MP)
and ML analyses were utilized to infer phylogenies. MP employed the branch and bound option
for exact solutions and character changes were unweighted and unordered, with gaps treated as
missing information. Tree roots were estimated by outgroup rooting. For the endophyte
phylogeny, Claviceps purpurea and Dussiella tuberiformis (from the related fungal tribes
Clavicipeae and Balansiae, respectively) were used for outgroup rooting (Kuldau et al., 1997).
Grass hosts Secale cereale and Arundinaria tecta naturally infected with these outgroup
endophyte taxa (C. purpurea and D. tuberiformis, respectively) were not available for sequence
analysis, and thus I chose Brachyelytrum erectum to outgroup root the host phylogeny (see
results). Support for internal nodes of the inferred phylogenies was estimated using the
parametric bootstrap method, with 1000 replications under a MP criterion and a branch and
bound search option with simple stepwise addition of sequences and tree bisection-reconnection
branch swapping. All clades receiving 70% or higher bootstrap and jackknife values were
considered well supported. ML trees were generated by one iteration of random sequence
addition, followed by tree-bisection-reconnection using the distance matrices generated above
with parameters set as determined by Mr.ModelTest. Starting branch lengths were obtained using
the Rogers-Swofford approximation method implemented in PAUP. Due to the extensive time
required for ML analysis, C. pupurea and D. tuberiformis were removed from the dataset and the
endophyte tree was midpoint rooted. The host phylogeny was rooted at a basal polytomy using
Br. erectum as the outgroup. The resulting phylogenies were used as the starting trees for
additional ML analyses, but with a molecular clock enforced (see results).
To evaluate evidence for a molecular clock among both endophyte and grass taxa,
likelihood ratio tests (LRTs) were performed separately on both gene sequence data sets using
the parameters estimated with MrModelTest 1.1b as described above. Heuristic searches were
conducted in PAUP using a likelihood criterion with random taxon addition and tree-bisectionreconnection branch swapping. Ten replicates were performed for both host and endophyte. LRT
test statistics for each were calculated by multiplying by two the difference of the negative log
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likelihoods of trees inferred from the same parameters, one of which had an enforced molecular
clock (all terminal taxa lie equidistant from the root). As the clock-like model is simply a special
case of the more general non-clock model, it represents the null hypothesis. N. inebrians was
used to root the endophyte tree, and B. erectum was used to root the host phylogeny. The LRT
value was then compared to a critical chi-square value with n-2 degrees freedom (n = the number
of taxa), and if greater, then the null hypothesis of a molecular clock was rejected.
4.29. Statistical analyses using ML-generated genetic distances.
To determine whether a statistically significant association existed between distance matrices
generated for endophytes and their hosts using a likelihood criterion, a Mantel non-parametric
test of association was performed (Mantel, 1967; Schnell et al., 1985; Hafner and Nadler, 1990).
Association was assessed through calculation of the summed products of corresponding elements
in the host and endophyte matrices to yield the Mantel coefficient, Z. The statistical significance
of Z was evaluated by performing a randomization test in which columns and rows of one of the
matrices were randomly permuted to create 1000 new matrices, and the coefficient to the nonpermutated matrix was recalculated to yield a reference distribution. The probability of the
observed Z value was evaluated for significance by its position in the distribution of randomized
outcomes (Mantel, 1967; Schnell et al., 1985). The null hypothesis of no association between the
matrices was rejected for p-values of 0.05 or less. To evaluate what affect certain grass/host
symbiota had upon the correlation, comparisons involving those symbiota were removed from
the matrices to generate subsets (see below) and the Mantel test was re-run for significance.
Correlation analysis was conducted upon the entire dataset of host and endophyte genetic
distances and subsets of these using the data analysis software package in Excel (Microsoft
Corp., Redmond, Washington) to generate the test statistic, the correlation coefficient (r). The
significance of the observed correlations was assessed by t-tests to determine whether the
observed r-value could have arisen by chance. Based on the inferred phylogenies, a subset of
genetic distances for hosts and endophytes termed “reduced set” was generated by removing
certain host/endophyte pairs and correlation and significance were recomputed. In particular,
both matrices were pruned to remove all but one endophyte and the corresponding host from
each distinct phylogenetic clade. Thus, if a clade containing an endophyte was already
represented by another endophyte, and the clade containing the host of the former was also
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represented by the host of the latter, then these host-endophyte pairs were considered appropriate
for removal. This was done to reduce the effects of oversampling, as a statistical dependency
exists among closely related taxa, and they can therefore not be considered independent
assessments. Additional data subsets were created where several endophytes and their hosts
suspected of not conforming to a co-evolutionary hypothesis [based upon phylogenetic conflicts,
standardized residual analysis (see below), and host range information] were removed and the
matrices were re-analyzed for association. Finally, subsets were created to include only hostendophyte pairs characterized by particular transmission strategies (strictly horizontal, strictly
vertical, and mixed strategy). These same subsets were tested by the Mantel test.
Distances between each pair of endophytes were divided by that of their corresponding
hosts to yield an endophyte-to-host mutation ratio for each pairwise comparison. To provide a
heuristic, visually intuitive assessment of these mutation ratios, bivariate plots were created in
which each data point represented the genetic dissimilarity between two hosts (x-axis) and their
corresponding endophytes (y-axis). Linear regression lines were imposed to detect standardized
residuals, defined as extreme data points lying two standard deviations from the line. Plots were
created for the entire group (both with and without a molecular clock enforced), the reduced set,
and a subset with suspected non-conforming pairs removed.
4.3. Results.
4.31. Amplification of cp regions.
PCR amplification of trnT-trnL and trnL-trnF intergenic spacers and the trnL intron from
endophyte-infected host plant genomic DNA yielded products of the approximate size expected
(approx. 850-950 bp, 400-450 bp for trnT-trnL and trnL-trnF, respectively; 350-600 bp for trnL
intron).
4.32. Host chloroplast phylogenies. MP analysis of the appended chloroplast sequence alignment
resulted in two most parsimonious trees of 608 steps. One of these MP trees, outgroup rooted
with Brach. erectum, is shown in Fig. 4.1 with bootstrap values given above well-supported
branches. Both MP trees resolved the same clades and branching orders, and thus the consensus
tree is not shown.
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In general, the level of resolution in the phylogeny was very good, and the relationships
among grass tribes elucidated here are in good agreement with published grass phylogenies using
various genetic criteria (Hsiao et al., 1995; Davis and Soreng, 1993; Catalán et al., 1997). Host
grasses in the tribes Poeae, Aveneae, and Bromeae all formed monophyletic clades with
extremely high bootstrap support (100% in Aveneae and Bromeae; Fig. 4.1). Two of the three
grasses examined in tribe Triticeae (Hordeum brevisubulatum and Elymus canadensis) also
formed a well-supported group. However, the grass Hordelymus europaeus, while typically
classified in the tribe Triticeae, grouped within the Bromeae clade in MP analysis, although at
considerable distance from the Bromus spp. Among the grasses in the tribe Poeae, a clear
phylogenetic separation between the fine-leaved fescues (subgenus Festuca) and the broadleaved fescues (subgenus Schedonorus) was evident. Subgenus Schedonorus grasses included in
this analysis included the tetraploid (4x) Festuca arundinacea subsp. fenas Lag. Arcang, and
hexaploid (6x) Festuca arundinacea var. arundinacea ecotypes from southern Spain and Algeria
(labeled N and S, respectively). Nested within the Schedonorus clade was a well-supported
group consisting of the diploid ryegrasses (L. perenne, L. multiflorum, and L. canariense).
Holcus mollis typically grouped at a basal location relative to the other grasses in the tribe Poeae,
although this placement was not strongly supported by bootstrap.
The precise branching order of the most deeply rooted grasses was poorly resolved
(Figure 4.1). The exception was Brachypodium sylvaticum (tribe Brachypodieae), which was
placed with good support nearest the clade comprised of tribes Aveneae, Poeae, Triticeae and
Bromeae (hereafter designated the APTB group), and in agreement with previous findings
(Hsiao et al., 1995; Catalán et al., 1997). When the chloroplast phylogeny was midpoint-rooted
(data not shown), the grasses Brachyelytrum erectum (tribe Brachyelytreae), Glyceria striata
(tribe Meliceae), and Achnatherum inebrians (tribe Stipeae) formed a sister clade to the APTB
group and B. sylvaticum with the root placed between them. Other phylogenetic analyses using a
variety of molecular and/or morphological characters described elsewhere (Catalan et al., 1997)
suggest that the tribe Brachyelytreae diverged very early on in the evolution of the cool-season
grasses (Kellogg, 2001). Attempts at sequencing chloroplast regions from a grass appropriate for
use as an outgroup (Danthonia sp.; subfamily Arundinoideae) were unsuccessful, presumably
due to extensive sequence divergence. Thus, I chose Br. erectum to outgroup root the phylogeny
at a basal polytomy, a conservative choice. When the phylogeny is thus rooted, uncertainty in the
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precise branching order among these early-diverging grass lineages remains and is reflected in a
lack of bootstrap support (values below 50%, and thus not shown; Fig. 4.1).
The most appropriate model of nucleotide substitution selected by MrModelTest for
likelihood analyses was “GTR+G+I”. The phylogeny derived under a ML criterion is virtually
identical to the MP tree and is shown in figure 4.2.
4.33. Endophyte phylogenies.
The combined sequence data set (tub2 +tef1) for endophytes of the host grasses examined was
approx. 1400 bp in length. MP analysis using C. purpurea and D. tuberiformis as outgroups
yielded 45 most parsimonious trees of 988 steps, and the strict consensus of these is shown in
Figure 4.3. Among the ingroup endophyte taxa, N. inebrians appeared as the most deeply rooted
lineage. This placement is inconsistent with midpoint rooting when the outgroup taxa are
removed from the analysis. Figure 4.4 shows one of 24 MP trees, midpoint rooted, generated for
the endophytes, with outgroups removed and the strict consensus of all 24 trees is given in
Figure 4.5 with bootstrap values generated from 1000 replications. The problematic placement of
N. inebrians is also reflected in the strict consensus tree, and may be due to the apparent number
of mutations accumulated in this lineage (Figure 4.4), leading to “long branch attraction”, a
problem particularly prevalent in MP analysis.
Three major clades receiving good bootstrap support were distinguished by MP. One
well-supported clade within the endophyte phylogeny included E. baconii isolates from Agrostis
and Calamagrostis hosts, E. amarillans isolates from Agrostis and Sphenopholis hosts, E.
festucae infecting several Festuca spp. and Koeleria cristata, N. lolii from L. perenne, an as yet
undescribed Epichloë species infecting Holcus mollis, and a common “FAE” genome of four
hybrid asexual endophytes infecting Festuca spp. (FAE refers to Festuca-Associated
Endophytes: namely, N. coenophialum, FaTG-2, FaTG-3, and N. occultans). Within this major
clade, excellent support was found for subclades corresponding to E. festucae and E. amarillans,
reflecting the known interfertility relationships. In contrast, E. baconii from C. villosa did not
group coherently with E. baconii from Agrostis tenuis, with which it is interfertile, and was
consistently placed at a basal position to this entire group. Epichloë baconii infecting A. tenuis
grouped most closely to the very well supported FAE-clade.
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A second major clade within the overall endophyte phylogeny receiving strong support
grouped the endophytes of grasses in the tribes Bromeae and Triticeae: E. elymi infecting Elymus
canadensis and B. purgans, E. bromicola strains from Bromus erectus, B. ramosus, and
H. europaeus, and an undescribed Neotyphodium spp. infecting Hordelymus brevisubulatum.
Within this clade, E. elymi strains grouped together as did the E. bromicola strains, with the
Neotyphodium spp. from H. brevisubulatum grouping with E. bromicola.
Finally, MP analysis grouped E. typhina from L. perenne with E. sylvatica and two
Neotyphodium endophytes (N. typhinum var. canariense and N. aotearoae) into a well supported
clade (hereafter referred to as "the E. typhina-related group"). Neotyphodium aotearoae and
N. t. canariense have been previously described (Moon et al., 2002; and Moon et al., 2000,
respectively). Both are asexual non-hybrids: N. t. canariense infects the annual ryegrass Lolium
canariense and appears to be an asexual derivative of E. typhina from Poa nemoralis; whereas
N. aotearoae infects Echinopogon ovatus and apparently represents a unique lineage within the
Epichloë phylogeny (Moon et al., 2002).
Similarly to the host phylogeny, placement of deeply rooted endophyte lineages was
problematic. In the outgroup-rooted strict consensus tree (Figure 4.3), both E. glyceriae and
E. brachyelytri formed polytomies with the major clades described above. Uncertainty is also
evident in the midpoint-rooted strict consensus tree (Figure 4.5; outgroups removed), with
E. glyceriae and N. inebrians forming polytomies and E. brachyelytri grouping with the
E. typhina-related group in just over half of the MP trees.
The appropriate model of substitution identified by MrModelTest for likelihood analyses
was “GTR+G+I”. ML analysis resulted in the phylogeny, midpoint rooted, shown in Figure 4.6.
ML supported all relationships indicated by MP, and E. brachyelytri grouped with the
E. typhina-related group while E. glyceriae grouped with the endophytes infecting hosts in tribes
Bromeae and Triticeae.
4.34. Tests for a molecular clock.
Clock-like evolution was evaluated for endophyte and host grass sequence datasets using
likelihood-ratio-tests. The results are shown in table 4.3. For the endophytes, inclusion of all taxa
resulted in rejection of the null hypothesis of rate constancy at the 5% level. The log likelihood
score of the tree where branch lengths were free to vary (parametric) was -4187.29, and the score
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of the tree where branches were constrained to be clock-like (ultrametric) was -3427.90.
Similarly, when the endophyte dataset was pruned to include only the endophytes within the
APTB group, a molecular clock was rejected (parametric tree = -3427.90; ultrametric tree =
-3445.51). Among the host grasses, inclusion of all taxa resulted in rejection of clock-like
evolution at the 5% level (parametric tree = -5137.83; ultrametric tree = -5167.74). However,
when the APTB grasses were analyzed separately, the log-likelihood score of the parametric tree
was -4260.48 and the score of the ultrametric tree was -4271.06. These values were not
significantly different at the 5% level, suggesting that these sequences from this core group of
grasses are evolving in a clock-like manner.
Differential branch lengths estimating evolutionary divergence within a phylogeny can
reflect either different rates of evolution, different divergence times, or a combination of both
(Page, 1991). Given the results above, ML analysis with an enforced molecular clock provided
correction for differential mutation rates within both endophyte and host taxa, allowing
estimation of genetic distances based solely upon divergence times to be made. The resulting ML
trees, with molecular clock enforced, are shown opposite each other in Figure 4.7 for endophytes
and their hosts.
4.35. Comparison of endophyte and host tree topologies.
Several major groups or clades in the endophyte phylogeny approximately correspond to clades
within the host phylogeny and sister group relationships are often analogous (Figure 4.7). Most
importantly, closely related grasses are typically infected with closely related endophytes while
more distantly related grasses harbor more divergent endophyte lineages. For example, sister
host tribes Aveneae and Poeae (A/P) coincide with a similar grouping of their endophytes.
Within tribe Poeae, a group containing L. multiflorum, Festuca arundinacea subsp. fenas, and
two ecotypes of 6x F. arundinacea is mirrored by the branching orders of their respective FAEclade sequences; a sister clade of Festuca spp. is reflected by a similar endophyte sister group
relationship inferred for the E. festucae endophytes; and the basal position of H. mollis within
tribe Poeae is nearly matched by that of its corresponding Epichloë endophyte. Analogous to the
situation among A/P grasses and their endophytes, a well supported clade containing grasses in
tribes Bromeae and Triticeae (B/T) corresponded to a clade grouping endophytes infecting these
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hosts. Grasses in divergent host tribes Stipeae, Brachyelytreae, Meliceae and Brachypodieae are
infected with divergent endophyte lineages N. inebrians, E. brachyelytri, E. glyceriae and
E. sylvatica, respectively.
Several instances of incongruence between host and endophyte phylogenies were also
evident both within and across clades. The most notable discrepancies involved E. typhina and
two related asexual endophytes, N. t. canariense and N. aotearoae. All three of these endophytes
infect grasses in tribes Poeae (E. typhina and N. t. canariense) or Aveneae (N. aotearoae), yet
group together at a considerable distance from the clade containing the APTB endophytes.
Further examples of incongruency involve an E. festucae isolate that infects the host K. cristata,
a member of the tribe Aveneae (Fig. 4.1), N. lolii (an asexual derivative of E. festucae) infecting
L. perenne, and the asexual E. elymi endophyte infecting B. purgans.
4.36. Analyses of distance matrices.
To complement the comparison of tree topologies, several analyses were performed directly
upon genetic distance (dissimilarity) matrices generated for endophytes and their corresponding
hosts using a ML criterion with parameters determined by LRT tests implemented in
MrModelTest. A Mantel test was performed upon the entire group of endophytes and hosts and
indicated a highly significant level of association between distance matrices (0.001). Certain
corresponding elements in both matrices were removed to determine their effects on matrix
association. All analyses indicated a highly significant association between endophyte and host
matrices (p=0.001 in all cases). Results were the same for clock-enforced distances and those in
which a clock was not enforced.
Non-clock enforced genetic distances from all host grasses and their endophytes are
plotted in Figure 4.8a. A positive slope is evident and illustrates the positive relationship between
them, indicating that as the genetic divergence between two given grasses increases, so it does
for their symbionts. The scatter of points suggests a prevalence of extreme points of comparison.
The results of correlation analysis for this dataset and subsequent datasets are given in table 4.4.
A correlation coefficient (r) of 0.439 was obtained for the entire group of genetic distances, and
this result was highly significant (p<0.0001).
As the tests for molecular clocks indicated that nucleotide substitution rates do indeed
vary within both host and endophyte taxa, and may thus affect phylogenetic inferences, I chose
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to focus the correlation analyses on the clock-enforced distance data. When all host-endophyte
pairs are included, a correlation coefficient (r) of 0.645 is obtained, and the resulting bivariate
plot is shown in figure 4.8b. Correlation of the reduced data set, in which each clade in both host
and endophyte phylogenies has been reduced to a single representative, yields a slightly lower rvalue (0.605; Figure 4.9a), illustrating the effects of oversampling dependent data. From this
reduced set, standardized residual analysis identified several host-endophyte pairs (listed in
Table 4.5) as significantly deviating from the inferred regression line. Pairwise comparisons not
conforming to a co-cladogenic hypothesis were identified by residual analysis as lying greater
than two standard deviations from the regression line and involve E. typhina and N. lolii from
L. perenne, E. festucae from K. cristata, and N. t. canariense from L. canariense.
As a biological species, E. typhina has the broadest host range yet described among the
endophytes, including hosts in three different tribes (Poeae, Aveneae, and Brachypodeae). There
is therefore no reason to believe that E. typhina would conform to a co-cladogenic hypothesis.
Phylogenetic evidence (eg. Figure 4.7) suggests that N. t. canariense and N. aotearoae are
directly descended from E. typhina, and thus are also unlikely to exhibit such a pattern. With the
exception of N. aotearoae, phylogenetic incongruency was reflected in standardized residual
analysis. Many of the pairwise comparisons involving E. typhina and N. t. canariense were
among the standardized residuals (Table 4.5). It should be noted that many pairwise comparisons
involving N. aotearoae were greater than one standard deviation from the regression line (not
shown). When only comparisons involving these three related endophytes are considered
(“E. typhina-related”; Table 4.4), there is a low correlation that could have arisen by chance
alone (p=0.189), and they are thus likely obscuring larger trends in the data. As a consequence,
additional correlation analyses were performed on a reduced set without pairwise comparisons
involving these three endophytes.
The influence the three endophytes listed above had on the data is quite apparent, as
correlation among the remaining host-endophyte comparisons (“RS minus E. typhina,
N. t. canariense, N. aotearoae; Table 4.4; and Figure 4.9b) is considerably higher (r=0.817;
p<0.0001). Also, further removal of additional comparisons did little to improve correlation,
although additional host-endophyte pairs were identified by residual analysis of this pruned
dataset that were discrepant. These included: Koeleria cristata/E. festucae; L. perenne/N. lolii;
Bromus purgans/Neotyphodium sp.; and Hordeum brevisubulatum/Neotyphodium sp.
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4.4.

Discussion
Non-parametric tests of association, correlation analysis and standardized residuals were

combined with phylogeny construction to reveal evolutionary trends and illustrate significant
similarity between distance matrices (both clock-enforced and clock not enforced) exceeding
chance expectations (p=0.001), signifying parallel patterns of genetic divergence between hosts
and their endophytic symbionts. These data are highly suggestive of widespread co-cladogenesis
between fungal endophytes and their cool-season grass hosts. If these intimate symbioses are
indeed maintained over evolutionary time, then closely related hosts should be infected with
closely related endophytes, while more distantly related grasses should harbor more divergent
lineages of endophytes. This is indeed what I have found, with similarly correlated pairwise
comparisons on both short (eg. Poeae minus jumps; Table 4.4) and long (eg. Reduced Set minus
jumps) time scales.
A key finding here is that a molecular clock hypothesis can be rejected for both
endophytes and grasses included in this study (with the exception of grasses in the APTB group),
suggesting that phylogenetic inferences will likely be affected due to differing mutation rates
among taxa. I therefore based subsequent analyses on genetic distances in which a molecular
clock had been enforced, thus isolating divergence times as the sole variable in determining
relatedness. Among the pairwise comparisons involving clock-enforced genetic distances, the
most extraneous comparisons involved instances of apparent host switches by endophytes, most
notably E. typhina and two asexual descendents, N. t. canariense and N. aotearoae. E. typhina is
completely reliant upon horizontal, contagious infection for new host colonization, and thus, we
would not expect comparisons involving E. typhina to exhibit a co-cladogenic pattern.
N. t. canariense appears to be an asexual derivative of E. typhina infecting L. canariense, and
this likely explains the similar pattern and low correlation in comparisons involving this hostendophyte pair. Together with the incongruent phylogenetic placement of these endophytes in
comparison with the host phylogeny, these data strongly suggest that such symbiotic pairs, most
plausibly originating from host switches, are also likely to be affecting inferences of cocladogenesis.
Just as interesting as this apparent clade of non-conforming endophytes is the closely
related E. sylvatica, that does indeed appear to follow a co-cladogenic pattern. Despite the close
relatedness between E. sylvatica and E. typhina, they are not interfertile, and the former is thus
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far restricted to the single host species, B. sylvaticum. E. sylvatica is actually embedded within a
larger endophyte phylogeny containing all known host-associated populations of E. typhina
(Craven et al., 2001), suggesting that it may have arisen within the E. typhina species. Given the
co-cladogenic pattern described here for E. sylvatica and the early divergence of the host tribe
Brachypodieae, it seems possible that E. sylvatica emerged early on in the diversification of the
endophytes and has managed to remain genetically distinct from its broad-host-range relative.
When correlation analysis was performed without comparisons involving E. typhina and
the related asexual endophytes N. t. canariense and N. aotearoae, the data are highly correlated
(Figure 4.9b), confirming that these three symbioses were disproportionately obscuring the cocladogenic signal that characterizes the majority of these symbioses. When additional analyses
were conducted upon only those relationships in the core APTB group, or even at the finer
taxonomic scale of the tribe Poeae (for which we have a significant number of pairwise
comparisons), similar levels of correlation were evident. This suggests that co-cladogenesis is
prevalent on recent and more ancient time scales. An intriguing implication of these parallel
divergence times is that endophytes have likely been tracking their hosts since the very
emergence of the cool-season grasses. Given the considerable fitness benefits many of these
endophytes provide to their hosts, benefits that are often directly inherited by subsequent
generations, it seems quite likely that these symbionts have played an integral role in the
evolution and success of their host grasses.
While co-cladogenesis among the more derived host and endophyte clades fits well with
the ML phylogenies, the branching order among the deepest branches in both host and endophyte
phylogenies was poorly resolved, as evidenced in Figure 4.7. As mentioned in the Introduction,
one potential explanation for the incongruence between host and endophyte trees is an early
species duplication event prior to the emergence of host tribes Stipeae and Meliceae, such that
two distinct endophyte lineages emerged that remained genetically isolated from one another but,
at least initially, shared the same host or group of related hosts. Subsequently, both lineages may
have independently cospeciated with their host grasses, resulting in one co-cladogenic group
including E. elymi and E. bromicola and another involving E. amarillans, E. festucae, and
E. baconii. If this is indeed the case, then the relationship among hosts within these tribes or
between sister tribes should be reflected in their corresponding Epichloë clades, as should those
between each of these clades and more deeply rooted clades. However, we would predict that
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two diverging endophyte lineages infecting two closely related host lineages would be detected
in comparisons between the E. elymi/E. bromicola (B/T) clade and the E. festucae/
E. amarillans/E. baconii (P/A) clade as standardized residuals. Such a phenomenon has been
suggested to explain discrepancies in phylogenies of pocket gophers and their associated lice
(Page, 1995). No instances were found in which comparisons between members of the P/A clade
and the B/T clade were identified by standardized residual analysis as lying greater than two
standard deviations from the regression line, with the exception of those clearly involving host
jumps. Thus, we can reject the notion of species duplication to explain the discrepancies between
host and endophyte phylogenies. Instead, it seems likely that if indeed there is co-cladogenesis
involving the deeper branches of host and endophyte phylogenies, it is likely diffuse in nature,
with groups of related endophytes infecting groups of related grasses. This is represented in
Figure 3.7 as gray boxes around these deep branches.
Standardized residual analysis of the reduced set without the E. typhina, N. aotearoae,
and N. t. canariense comparisons identified additional extraneous comparisons involving an
asexual E. elymi isolate from B. purgans, N. lolii from L. perenne, and E. festucae from
K. cristata. In each case, the closest Epichloë relative is found to infect hosts in different tribes
(for the E. elymi and E. festucae isolates) or in different species (N. lolii). These symbioses are
thus also likely the result of endophytes jumping into new hosts. Host jumps may be a prevalent
means of spawning asexual endophyte lineages. This is obviously not a universal process, as
evidenced by the broad host range of E. typhina. Yet even in this case, N. t. canariense may
represent a lineage of E. typhina that has been confined to asexuality following a host jump into
L. canariense. This example may indicate an instance of host-driven speciation, wherein certain
grass species are capable of suppressing sexual expression in the endophyte, thus isolating the
symbiont from its conspecifics. Suppression of sexuality is likely not prerequisite for host-driven
endophyte speciation, as E. festucae in Koeleria appears to have arisen from a host jump, yet
retains the capacity for producing the sexual stage. Despite the extremely close genetic
relationship between this endophyte and E. festucae populations from other hosts in tribe Poeae
(identical on the basis of the genes analyzed here), they are apparently inter-sterile (Craven et al,
2001). In any case, N. t. canariense, N. aotearoae, N. lolii, and E. elymi in B. purgans all appear
to be asexual lineages resulting from host jumps. Strikingly, of the 10 currently recognized
asexual non-hybrid endophytes, all infect different host species than their nearest sexual
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Epichloë relatives, and nine of these infect grasses in different tribes (C. D. Moon, submitted).
As it would be difficult to explain the transfer of an asexual endophyte into a new host where
sexual expression is gained or restored, we can make the prediction that ascospore-mediated
jumps into novel hosts by Epichloë endophytes may result in successful infections, but at the cost
of future sexual expression. In essence, the new host has “trapped” the symbiont into a clonal
lifestyle.
As discussed previously, hybrid Neotyphodium species violate the assumptions of cocladogenesis as their evolutionary history involves introgression of entire genomes and is akin to
horizontal transfer that results in incongruent gene phylogenies. However, the common,
monophyletic FAE-genomes contained in four hybrid endophytes investigated here do follow a
co-cladogenic pattern (Figure 4.7), indicating that the Epichloë ancestor contributing to these
Neotyphodium spp. may have itself phylogenetically tracked its host(s). The evidence suggests
that the FAE ancestor tracked the evolution of several Festuca grasses and subsequently
hybridized with various other Epichloë species to yield N. coenophialum, FaTG-2, and FaTG-3
in varieties or subspecies of F. arundinacea, and N. occultans in L. multiflorum. These
endophytes differ significantly from one another in growth rates (N. occultans is virtually
unculturable from the Lolium spp. it infects; Moon et al., 2002), alkaloid profiles, and even host
preference. Even though FaTG-3 and FaTG-2 infect the same variety as N. coenophialum, these
particular isolates were found in distinct ecotypes: Algeria, the southern regions of Spain, and
Europe, respectively. The host phylogeny clearly distinguishes between the European ecotype
and these two other populations of F. arundinacea. This is an important point, as the distinction
between endophyte populations is supported by apparent genetic divergence between these
populations of tall fescue (Figure 4.1). This endophyte diversity likely reflects their distinctive
additional ancestors that have imparted unique genetic material to these hybrids: E. festucae in
FaTG-2; E. typhina in FaTG-3; E. bromicola in N. occultans; and both E. festucae and E. typhina
(apparently a different E. typhina lineage than FaTG-3) in N. coenophialum. N. coenophialum is
an amazing evolutionary curiosity, having three Epichloë ancestors and thus, being the apparent
consequence of two separate hybridizations. As we have yet to identify a closely related
Epichloë taxon to the common FAE genome, it is possible that this lineage has succumbed to the
effects of Muller’s Ratchet and now is represented solely by its contribution to hybrid
endophytes.
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Among the interactions that occur between cool-season grasses and Epichloë and
Neotyphodium endophytes, those in which both host and symbiont exhibit their sexual stage have
been hypothesized to represent the highest level of co-adaptation and coevolution (Schardl,
1997; Schardl and Wilkinson, 2000). Both host and symbiont propagate clonally as well as
sexually, an attractive strategy for both partners to maximize their evolutionary potential but one
most likely requiring intimate signaling and regulation. This hypothesis would appear to be
supported by the significant host specificity exhibited by the endophyte species with mixed
transmission (E. amarillans, E. festucae, E. brachyelytri, E. elymi, E. bromicola, and
E. sylvatica). When relationships among these host-endophyte pairs are considered in isolation,
the data are highly correlated, and an imposed regression line has a y-intercept close to zero, and
the slope nearly one (data not shown). These results thus provide strong support for “mixed”
symbioses as intimate, long-term associations, as cladogenic events involving all species of
endophytes with this strategy (with the notable exception of E. festucae from K. cristata) are
very similar to those of their host species and tribes. Given the discussion above regarding many
of the asexual endophytes arising from host jumps, it should not be surprising that comparisons
involving only these strictly vertically transmitted strains are less correlated than both mixed
strategy and strictly horizontally transmitted Epichloë spp. When the proposed jumps are
removed (“strictly seed- transmitted minus jumps”), the correlation approaches one. These
combined data indicate that transmission strategy is overly simplistic to explain the cocladogenic patterns we observe, and we must take additional factors into account.
Perhaps one of the most relevant conclusions to be drawn from these findings is that it
seems highly likely that Epichloë and Neotyphodium endophytes impart a significant and integral
part of the genetic diversity to their hosts. Together, they effectively behave as a unit, with both
partners contributing to the evolutionary potential of the symbiosis. Given that both endophytes
and their hosts are capable of combining entire genomes through hybridization, this potential
could be quite substantial and may even explain some of the life style characteristics bestowed
upon the grass family. Grasses have an amazing capacity for primary colonization of ecological
niches, particularly those that have suffered some form of disturbance. Perhaps in such
situations, where a grass plant finds itself in the midst of potential predators without a plethora of
alternative targets, grasses have co-opted a group of fungi to rise to their defense.
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Table 4.1. Endophyte infected grasses and fungal isolates.

Host species

Provider*

Tribe

Endophyte

Isolate

Agrostis tenuis Sibth. 1

JFW

Aveneae

Epichloë baconii

ATCC200746

A. hiemalis(Walt.) Britton et al.

JFW

Aveneae

Epichloë amarillans

ATCC200744

AL

Aveneae

E. baconii

ATCC200745

Echinopogon ovatus (G. Forst.) P. Beauv.

COM

Aveneae

Neotyphodium aotearoeae

CBS109344

Koelaria cristata Pers. 1

AL

Aveneae

Epichloë festucae

CBS102657

Sphenopholis obtusata Michx. Scribn.

JFW

Aveneae

E. amarillans

ATCC200743

Holcus mollis L. 1

AL

Poeae

Epichloë spp.

9924

Lolium canariense Steud.

MFFGC

Poeae

N. t. canariense

989

Festuca arundinacea var. arundinaceum (Schreb.)

MC

Poeae

N. gamsii

MC1

F. a. var. arundinaceum2

MC

Poeae

N. latchii

MC2

Festuca arundinacea subsp. fenas Lag. Arcang

CW

Poeae

N. coenophialum

151

L. perenne L.

NJ

Poeae

E. typhina

ATCC200736

L. perenne

MC

Poeae

N. lolii

Lp3

Calamagrostis villosa

(Chaix) Gmelin1
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Table 4.1. (Continued).

Host species

Provider*

Tribe

Endophyte

Isolate

MFFGC

Poeae

N. occultans

999

Festuca rubra subsp. commutata Gaud.

CRF

Poeae

E. festucae

ATCC90660

F. r. rubra (Gaud.) Hayek

CRF

Poeae

E. festucae

ATCC90661

F. longifolia Thuill.

CRF

Poeae

E. festucae

28

Bromus erectus Huds.1

AL

Bromeae

E. bromicola

ATCC200749

B. ramosus Huds.

AL

Bromeae

E. bromicola

ATCC201558

B. purgans Leyss. (Scribn.) Wagner

CLS

Bromeae

E. elymi

1081

Elymus canadensis L.

JFW

Triticeae

E. elymi

ATCC201551

Hordeum brevisubulatum (Boiss. & Hohen.) Tzvelev

SC

Triticeae

Neotyphodium spp.

3635

Hordelymus europeaus (L.) Harz. 1

AL

Triticeae

E. bromicola

ATCCMYA2506

Brachypodium sylvaticum (Huds.) Beauv.

AL

Brachypoideae

E. sylvatica

ATCC200751

Achnatherum inebrians Hance (Kang.)

COM

Stipeae

N. inebrians

ATCCMYA1228

Glyceria striata (Lam.) Hitch.

KC

Glycerieae

E. glyceriae

ATCC200755

Brachyelytrum erectum Schreb.) Beauv.

KC

Brachyelytreae

E. brachyelytri

Bee-1

L. multiflorum

Lam.
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Table 4.1. (Continued)
*Providers of endophyte-infected plants: JFW: James F. White, Jr., Rutgers University, New Brunswick, New Jersey; AL: Adrian Leuchtmann, Geobotanisches
Institut ETH, Zürich, Switzerland; COM: Christopher O. Miles, AgResearch, Palmerston North, New Zealand; MFFGC: Margot Forde Forage Germplasm
Centre, AgResearch, Palmerston North, New Zealand; MC: Mike Christensen, AgResearch, Palmerston North, New Zealand; CW: Chuck West, University of
Arkansas, Fayetteville, Arkansas; NJ: N. Jackson, (?); CRF: C. Reed Funk, Jr., Rutgers University, New Brunswick, New Jersey; CLS: Christopher L. Schardl,
University of Kentucky, Lexington, Kentucky; SC: Steve Clement, USDA, (?); KC: Keith Clay
**All endophytes were isolated from infected plants. Isolates prefixed ATCC or CBS are deposited at the American Type Culture Collection (Manassas,
Virginia) or Centraalbureau voor Schimmelcultures (Utrect, The Netherlands), respectively. All other isolates are maintained at the University of Kentucky, or
ETH-Zürich, Switzerland.

125

Table 4.2.

Oligonucleotide primers used in chapter four.

Oligonucleotide
designation
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Region

Sequence (5' - 3')

Orientation

B48557a

trnT-trnLspacer

CATTACAAATGCGATGCTCT

downstream

A49291a

trnT-trnLspacer

TCTACCGATTTCGCCATATC

upstream

B49317a

trnL intron

CGAAATCGGTAGACGCTACG

downstream

A49855a

trnL intron

GGGGATAGAGGGACTTGAAC

upstream

B49873a

trnL-trnF spacer

GGTTCAAGTCCCTCTATCCC

downstream

A50272a

trnL-trnF spacer

ATTTGAACTGGTGACACGAG

upstream

trnTtrnL766-747ub

trnT-trnL spacer

GAATCATTGAATTCATCACT

upstream

trnTtrnL359-340ub

trnT-trnL spacer

TATTAGATTATTCGTCCGAG

upstream

b

trnT-trnLspacer

GGAATTGGATTTCAGATATT

downstream

b

trnTtrnL601-621d

trnT-trnL spacer

AATATCAAGCGTTATAGTAT

downstream

P37.trnTtrnL.359-340ub

trnT-trnL spacer

TATTAGATTTCTCCTCTGAG

upstream

P56.trnTtrnL.378-398db

trnT-trnL spacer

TAAGACGGGAGGTGGG

downstream

P56.trnTtrnL.398-378ub

trnT-trnL spacer

CTCCCCCACCTCCCGTCTTA

upstream

P57trnTtrnL556-576db

trnT-trnL spacer

GTCATAGCAAATAAAATTGC

downstream

P2772.trnTtrnL.306-325db

trnT-trnL spacer

CTAATTGGATTTTAGATATT

downstream

trnTtrnL306-325d

Table 4.2. (Continued).

Oligonucleotide
designation

Region

Bromus.trnTtrnL.177-197db trnT-trnL spacer

Sequence (5' - 3')

Orientation

TTGATATGCTTAACTATAGG

downstream

b

trnT-trnL spacer

CCTATAGTTAAGCATATCAA

upstream

b

trnT-trnL spacer

GCGTTATAGTATAATTTTG

downstream

b

Bromus.trnTtrnL.197-177u
Bromus.trnTtrnL.357-376d
Bromus.trnTtrnL.376-357u
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trnT-trnL spacer

CAAAATTATACTATAACGC

upstream

b

trnLintron285-303d

trnL intron

CATAGCAAACGATTAATCA

downstream

trnLintron303-285ub

trnL intron

TGATTAATCGTTTGCTATG

upstream

trnLtrnF.77-97db

trnL-trnF spacer

TTTAAGATTCATTAGCTTTC

downstream

trnLtrnF.396-376ub

trnL-trnF spacer

CCTTTTCTTGTGCATCATCC

upstream

a

Primers used in PCR and sequencing.

b

Internal primers used in sequencing only.

Table 4.3.

Results of molecular clock analysis.

Parametric tree
(No clock)

Ultrametric tree
(Clock enforced)

LRT value

chi-square critical
(p=0.05)

Null hypothesis
rejected?*

Endophyte
All taxa included
APTB group

4187.29
3427.90

4225.74
3445.51

76.90
35.22

32.67
25.00

Yes
Yes

Host
All taxa included
APTB group

5137.83
4260.48

5167.74
4271.06

59.81
21.17

33.92
27.59

Yes
No
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*Null hypothesis: Substitution rates do not vary among branches

Table 4.4. Correlation analyses from endophyte and host genetic distances, molecular clock enforced
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Endophyte/Host group analyzed

r

N

df (N-2)

t

p

All pairs included (molecular clock not enforced)

0.439

351

349

9.128

<0.0001

All pairs included

0.645

351

349

15.77

<0.0001

Reduced set (RS)

0.605

276

274

12.57

<0.0001

RS minus E. typhina

0.668

251

249

14.16

<0.0001

RS minus E. typhina, N. t. canariense, N. aotearoae

0.817

210

208

20.43

<0.0001

E. typhina-related (minus E. sylvatica)

0.136

44

42

0.890

0.18936

RS minus jumps

0.872

153

151

21.89

<0.0001

APTB group (RS)

0.750

136

134

13.13

<0.0001

APTB group (RS) minus jumps

0.830

91

89

14.04

<0.0001

Poeae (RS) minus jumps

0.884

15

13

6.818

<0.0001

FAE minus Ety, Ntc, Nao (RS)

0.859

57

55

12.44

<0.0001

Strictly seed transmitted Neotyphodium spp. (RS)

0.724

76

74

9.029

<0.0001

Strictly asexuals minus jumps(RS)

0.966

21

19

16.29

<0.0001

Mixed-transmission Epichloë spp. (RS)

0.868

28

26

8.913

<0.0001

Strictly horizontal transmitted Epichloë spp. (RS)

0.868

15

13

6.303

<0.0001

Table 4.5. Host/endophyte pairwise comparisons identified by standardized residual analysis as lying at least two standard deviations
from an imposed regression line (molecular clock enforced)
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Data set

Host/endophyte pair #1

Host/endophyte pair #2

Reduced Set (RS)

Festuca longifolia/E. festucae

Koelaria cristata/E. festucae*

F. longifolia/E. festucae

Festuca rubra subsp. rubra/E. festucae

K. cristata/E. festucae

F. r. subsp. rubra/E. festucae

Lolium canariense/ N. t. canariense

Brachypodium sylvaticum/Epichloë sylvatica

Lolium perenne/Epichloë typhina

B. sylvaticum/E. sylvatica

L. perenne/E. typhina

F. a. fenas/N. coenophialum

L. perenne/E. typhina

L. multiflorum/N. occultans

L. perenne/E. typhina

L. perenne/N. lolii

L. perenne/E. typhina

F. a. arundinaceum/FaTG-2

F. longifolia/E. festucae

L. perenne/N. lolii

F. r. subsp. rubra/E. festucae

L. perenne/N. lolii

K. cristata/E. festucae

L. perenne/N. lolii

L. canariense/ N. t. canariense

F. a. fenas/N. coenophialum

L. canariense/ N. t. canariense

L. multiflorum/N. occultans

L. canariense/ N. t. canariense

L. perenne/N. lolii

L. canariense/ N. t. canariense

F. a. arundinaceum/FaTG-2

Table 4.5. (Continued).
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Data set

Host/endophyte pair #1

Host/endophyte pair #2

RS minus E. typhina,

Bromus purgans/Neotyphodium sp.

Bromus erectus/E. bromicola

N. aotearoae,and

Festuca longifolia/E. festucae

Koelaria cristata/E. festucae

N. t. canariense

K. cristata/E. festucae

F. r. subsp. rubra/E. festucae

F. longifolia/E. festucae

L. perenne/N. lolii

F. r. subsp. rubra/E. festucae

L. perenne/N. lolii

K. cristata/E. festucae

L. perenne/N. lolii

Bromus purgans/Neotyphodium sp.

Hordelymus europaeus/Neotyphodium sp.

Ho. brevisubulatum Neotyphodium sp

Elymus canadensis/E. elymi

*Host-endophyte pairs shown in gray are proposed to result from host jumps based upon incongruent phylogenetic placement and
detection in standardized residual analysis as lying at least two standard deviations from imposed regression line.

Figure 4.1. MP tree based upon appended grass cp sequences
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Figure 4.1. One of two MP trees resulting from a branch-and-bound search on chloroplast gene
sequences from grasses hosting natural endophyte infections. The tree is 501 steps in length;
consistency index=0.8423; retention index=0.8892; re-scaled consistency index=0.7490. Of 1770
total characters, 1392 were constant, 190 variable characters were parsimony-uninformative and
188 were parsimony-informative. Gaps were treated as missing information. Tree is outgrouprooted at a basal polytomy using Be. erectum (see text). Bootstrap values from 1000 replications
are listed above relevant branches and jackknife values from 1000 replication are listed below.
Host tribes to which these grasses are traditionally classified are listed to the right, as are two
subgenera within tribe Poeae.
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Figure 4.2. ML tree based upon appended grass cp sequences
Ag. tenuis
Ag. hiemalis
Ca. villosa
Ec. ovatus
Ko. cristata
Sp. obtusata
L. canariense
L. multiflorum
L. perenne
F. a. fenas
F. arundinacea N
F. arundinacea S
F. r. commutata
F. r. rubra
F. longifolia
Hl. mollis
Bm. erectus
Bm. purgans
Bm. ramosus
He. europaeus
El. canadensis
Hd. brevisubulatum
Bp. sylvaticum
Ac. inebrians
Gl. striata
Be. erectum
0.005 substitutions/site
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Figure 4.2. Tree inferred under a ML criterion with parameters conforming to a GTR+G+I model
of sequence evolution. Nucleotide frequencies estimated from a neighbor-joining tree as
A=0.37529, C=0.12496, G=0.13784, T=0.36191; proportion of invariable sites=0.09723; gamma
shape parameter = 1.065; starting branch lengths obtained by Rogers-Swofford approximation
method; starting tree obtained via stepwise addition with a random addition sequence and a treebisection-reconnection branch-swapping algorithm. Tree is outgroup-rooted at a basal polytomy
using Be. erectum. Likelihood value was -ln L = 5257.30.
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Figure 4.3. Strict consensus of 45 MP trees generated from appended tub2 and tef1 endophyte
sequences
C. purpurea Sc
E. tuberiformis At
N. occultans Lm
FaTG-3 Fa
FaTG-2 Fa

FAE clade

N. coenophialum Fa
E. baconii Agt
N. lolii Lp
Epichloë spp. Hm
E. amarillans Ah
E. amarillans So
E. baconii Cv
N. t. canariense Lc
E. sylvatica Bs
E. typhina Lp
N. aotearoae Eo
E. elymi Bpu
E. elymi Ec
E. bromicola Heur
E. bromicola Be
E. bromicola Br
Neotyphodium spp. Hbr
E. brachyelytri Bee
E. glyceriae Gs
N. inebrians Ai
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Figure 4.3. Strict consensus tree of 45 MP tub2+tef1 gene trees identified by a branch-and-bound
search for Epichloë spp. and Neotyphodium spp., Claviceps pupurea ATCC20102 and
Echinodothis tuberiformis ATCC201937. Of 1486 total characters, 797 were constant, 484 were
parsimony-uninformative and 205 were parsimony-informative. Gaps were treated as missing
information. Tree is outgroup-rooted using C. pupurea and E. tuberiformis. Length of each
tree=988 steps. Four monophyletic sequences found in the genomes of N. coenophialum, FaTG2, FaTG-3, and N. occultans are labeled as “FAE clade” for Festuca-Associated Endophytes.
Host taxon abbreviations following endophyte name are as follows: Ai (Achnatherum inebrians),
Ah (Agrostis hiemalis), Agt (Agrostis tenuis), At (Arundinaria tecta), Be (Bromus erectus), Bee
(Brachyelytrum erectum), Bpu (Bromus purgans), Br (Bromus ramosus), Bs (Brachypodium
sylvaticum), Cv (Callamagrostis villosa), Ec (Elymus canadensis), Eo (Echinopogon ovatus), Fa
(Festuca arundinacea), Fl (Festuca longifolia), Frc (Festuca rubra subsp. commutata), Frr
(Festuca rubra subsp. rubra), Gs (Glyceria striata), Hbr (Hordelymus brevisubulatum), Heur
(Hordelymus europaeus), Hm (Holcus mollis), Kc (Koelaria cristata), Lc (Lolium canariense),
Lm (Lolium multiflorum), Lp (Lolium perenne), Sc (Secale cereale), So (Sphenopholis obtusata).
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Figure 4.4. One of 24 MP trees generated from appended tub2 and tef1 endophyte sequences
N. occultans Lm
FaTG-3 Fa

FAE clade

FaTG-2 4078 Fa
N. coenophialum Fa
E. baconii Agt

N. lolii Lp
E. festucae Kc
E. festucae Fl
E. festucae Frr
E. festucae Frc

Epichloë spp. Hm
E. amarillans Ah
E. amarillans So
E. baconii Cv
N. inebrians Ai
E. elymi Bpu
E. elymi Ec
E. bromicola Heur
E. bromicola Br
E. bromicola Be
Neotyphodium spp. Hbr
E. glyceriae Gs
N. t. canariense Lc
E. sylvatica Bs
E. typhina Lp
N. aotearoae Eo
E. brachyelytri Bee
5 changes
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Figure 4.4. One of 24 MP trees resulting from a branch-and-bound search on tub2+tef1 gene
sequences. The tree is 366 steps in length; consistency index=0.8388; retention index=0.8990;
re-scaled consistency index=0.7541. Of 1486 total characters, 1211 were constant, 134 variable
characters were parsimony-uninformative and 141 were parsimony-informative. Gaps were
treated as missing information. Tree is midpoint rooted at the left edge. Host abbreviations are as
in Figure 4.3.

139

Figure 4.5. Strict consensus of 24 MP trees generated from
appended tub2 and tef1 sequences.
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Figure 4.5. Strict consensus of 24 MP trees resulting from a branch-and-bound search on
tub2+tef1 endophyte gene sequences. All trees are 366 steps in length. Tree is midpoint rooted at
the left edge. Bootstrap values from 1000 replications are listed above relevant branches. Host
abbreviations are as in figure 4.3.
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Figure 4.6. ML tree generated from appended tub2 and tef1 sequences
N. occultans Lm
FaTG-3 Fa

FAE clade

FaTG-2 Fa
N. coenophialum La
E. baconii At
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0.005 substitutions/site
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Figure 4.6. Tree inferred under a ML criterion with parameters conforming to a GTR+G+I model
of sequence evolution estimated from a neighbor-joining tree. Nucleotide frequencies estimated
as A=0.24998, C=0.26359, G=0.23558, T=0.25085; proportion of invariable sites=0.337791;
gamma shape parameter = 1.23229; starting branch lengths obtained by Rogers-Swofford
approximation method; starting tree obtained via stepwise addition with a random addition
sequence and a tree-bisection-reconnection branch-swapping algorithm. Tree is midpoint rooted
at left edge. Likelihood value was -ln L = 4187.08. Host abbreviations are as in Figure 4.3.
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Figure 4.7. Opposed phylogenies for host grasses and their fungal symbionts,
generated under ML criteria with a molecular clock enforced

Endophyte tub2+tef1

Plant cpDNA
N. inebrians *
E. glyceriae ‡
E. elymi *†
E. elymi *
Neotyphodium sp. *
E. bromicola ‡
E. bromicola *
E. bromicola *
Epichloë sp. *†
E. festucae *†
E. festucae *†
E. festucae *†
N. lolii Lp *
E. festucae Kc †
FaTG-2*
FaTG-3 *
N. coenophialum *
N. occultans *

E. amarillans ‡
E. amarillans *†
E. baconii ‡
E. baconii ‡
E. typhina Lp ‡
E. sylvatica *†
N. typhinum Lc *
N. aotearoae Eco *
E. brachyelytri *†
0.005 substitutions/site

Ac. inebrians
Gl. striata
El. canadensis
Hd. brevisubulatum
Bm. purgans
Bm. erectus
Bm. ramosus
He. europaeus
Hl. mollis
F. longifolia
F. rubra var. rubra
F. r. var. comutata

F. arundinaceea N
F. arundinacea S
F. arundinacea
L. multiflorum
L. perenne
L. canariense
K. cristata
Sp. obtusata
Ec. ovatus
Ag. hiemalis
Ag. tenuis
Ca. villosa
Bp. sylvaticum

Be. erectum

Stipeae
Meliceae

Triticeae
Bromeae

Poeae

Aveneae

Brachypodieae
Brachyelytreae
0.005 substitutions/site

Figure 4.7. Comparison of endophyte and host phylogenies inferred by ML with molecular clock
enforced. Endophytes and hosts most likely to share a history of co-cladogenesis are shown
opposite each other. Dashed curves connecting endophyte and host names indicate most likely
host jumps based on greater than two standard residuals from the regression line in a bivariate
plot of host pairwise distances versus endophyte pairwise distances. A clade dominated by the
broad host-range species E. typhina (see Schardl et al. 1997) includes E. sylvatica, whose
position was nevertheless consistent with the diffuse co-cladogenesis hypothesis; among the
points involving E. sylvatica only those for E. sylvatica-E. typhina, E. sylvatica-N. typhinum var.
canariense and E. sylvatica-N. inebrians fell more than one standard residual from the regression
line. Endophytes unknown to be sexual in nature, but classified by their fertility relationships, are
E. bromicola from B. ramosus and He. europaeus, and E. elymi from B. purgans.
Representatives of F. arundinacea from Algeria and S. Spain were phylogenetically distinct, and
are labeled S and N, respectively. Their endophytes, as well as N. occultans from L. multiflorum,
are interspecific hybrids, and only sequences from their shared “FAE” genome are included in
this analysis. Labels on branches of the plant phylogram indicate branches to the host tribes; in
this analysis Triticeae was paraphyletic to Bromeae, and Holcus mollis grouped with Poeae.
Gray boxes indicate diffuse, rather than strict, co-cladogenesis postulated for early evolution of
the Poöideae and their endophytes. Scale bars represent ML distances of 0.005 substitutions per
site.
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Figure 4.8. Bivariate plots of endophyte and host grass genetic distances generated under
a ML criterion.
a) All Included - molecular clock not enforced
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Figure 4.8. Bivariate plot of ML genetic distances determined for endophytes and host grasses.
Each data point represents the genetic divergence (distance) between two given endophytes and
their associated hosts. Host distance is plotted on the x-axis; endophyte distance plotted on the yaxis. Panel a: all comparisons included in the analysis on non-clock enforced genetic distances;
panel b: all comparisons included in the analysis on clock enforced genetic distances.
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Figure 4.9. Bivariate plots of endophyte and host grass genetic distances
generated under a ML criterion.
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Figure 4.9. Regression analyses of ML genetic distances determined for a reduced set of
endophytes and host grasses. Representatives from all major endophyte and host clades are
included: N. inebrians (host, Achnatherum inebrians), E. amarillans (host, Agrostis hiemalis), E.
baconii (host, Agrostis tenuis), E. bromicola (host, Bromus erectus), E. brachyelytri (host,
Brachyelytrum erectum), E. elymi (host, Bromus purgans), E. sylvatica (host, Brachypodium
sylvaticum), E. baconii (host, Callamagrostis villosa), E. elymi (host, Elymus canadensis), N.
aotearoae (host, Echinopogon ovatus), E. festucae (host, Festuca longifolia), E. festucae (host,
Festuca rubra subsp. rubra), E. glyceriae (host, Glyceria striata), Neotyphodium spp. (host,
Hordelymus brevisubulatum), E. bromicola (host, Hordelymus europaeus), Epichloë spp. (host,
Holcus mollis), E. festucae (host, Koeleria cristata), N. coenophialum (host, Festuca
arundinacea var. fenas) and FaTG-2 (host, Festuca arundinacea var. arundinaceum), N.
typhinum var. canariense (host, Lolium canariense), N. occultans (host, Lolium multiflorum), E.
typhina and N. lolii (host, Lolium perenne), and E. amarillans (host, Sphenopholis obtusata).
Each data point represents the pairwise genetic distance between grasses ((x-axis) ploted against
pairwise distances of their respective endophytes (y-axis). The distances were inferred from the
clock-enforced likelihood tree in Fig. 4.7. Panel a: Entire reduced set (RS) comparisons; Panel b:
RS minus E. typhina, N. aotearoae, and N. t. canariense comparisons.
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Chapter Five
Concluding remarks

5.1. Fundamental importance of the grass-endophyte system.
This dissertation began with a review of the concepts of evolutionary potential and
episodic selection. A strong proponent of this view is Clive Brasier, who has suggested
(along with others) that factors such as environmental disturbances, including
geographical transposition, changes in substrate availability, and exposure to new hosts
can drastically affect the selection forces acting upon organisms such as fungi. The
fungus may then experience a period of episodic selection, during which survival may
sometimes depend upon rapid adaptation and exploration of the organism’s evolutionary
potential. This potential arises in part from the genome(s) of the organism, from which
environmental factors shape the particular protein profile that will be produced by the
organism in response.
I believe these ideas can be utilized to understand the evolution of mutualistic
grass endophytes. Genus Epichloë arose within the fungal tribe Balansieae, whose
members maintain perennial, biotrophic associations with their hosts (Schardl and Clay,
1997). Other balansoid genera include Echinodothis, Myriogenospora, Atkinsonella,
Balansiopsis, and Balansia. Besides genus Epichloë, some species of Balansiopsis and
Balansia have an endophytic growth habit and members of Myriogenospora,
Atkinsonella, and some Balansia spp. have sexual stages dependent upon the
reproductive tissues of their hosts. Thus the genetic potential existed in this group of
fungi for the emergence of vertical transmission as a primary means of dissemination by
an endophyte ancestor. Further, fungi in family Clavicipitaceae are characterized by the
production of secondary metabolites that show physiological activity against a broad
variety of potential herbivores. In combination with emerging seed-transmissibility, this
genetic potential could have been tapped to initiate an evolutionary trajectory that, in
many cases, has resulted in amelioration of parasitic symptom development. Seed
transmissibility and alkaloid production have most likely acted to reinforce one another,
thus driving the symbioses to greater and greater levels of mutualism.
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Chapters two and three illustrate the significance of hybridization as a means of
generating genetic diversity, and thus evolutionary potential, in both host grasses and
endophytic symbionts. Hybridization of the type indicated herein facilitates large, rapid
changes in genome composition that could result in vast evolutionary potential for the
symbiosis. Among the grasses, characteristics subject to strong natural selection likely
include those involved in niche adaptation, enhanced reproductive capacities and
competitiveness, and rapid colonization. Such attributes play a major role in effective
primary succession and contribute to the success of this plant family in many varied
ecological habitats. A physiological trade-off has been proposed to exist in plants
between the primary metabolism responsible for growth and secondary metabolism that
is often implicated in the generation of defensive compounds (Herms and Mattson, 1992),
such that one is often at least partially sacrificed during times where the other is
emphasized. Partitioning of resources in such ways is likely to be a successful and stable
strategy for most organisms, and may act to prevent over-extension or depletion of
resources. This may pose a particular dilemma for members of the grass family, where
rapid growth and reproduction may be necessary to remain competitive. One potential
solution to this dilemma could entail the maintenance of fungal endophytes that are
themselves extremely adept in the production of physiologically active secondary
metabolites. Although endophytes are a nutrient sink, requiring host carbohydrates for
their sustenance, they appear to subsist entirely on apoplastic fluids that leak out of
surrounding host cells. Given the asymtomatic infections that typify these symbioses, it
seems likely that the cost to the plant is fairly minimal and might be greatly outweighed
by the diverse defensive attributes the endophytes confer to their hosts.
I believe that the increasing number of hybrid Neotyphodium endophytes is an
indication that hybridization has emerged as an important mechanism to not only
generate diversity, but also to circumvent one of the evolutionary disadvantages of an
asexual lifestyle: the buildup of deleterious mutations in their genomes. Sexual
outcrossing provides a mechanism for the influx of functional alleles to replace or
augment those malfunctioning in the recipient, as well as allow for introgression of
unique genetic material. As Neotyphodium spp. are deprived of these benefits, they are
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predicted by Muller’s Ratchet to experience an incessant ratchet-like accumulation of
mutations until fitness is compromised and the asexual organism perishes.
These concepts are also illustrated by alleles contained in the genomes of four
Neotyphodium endophytes tentatively called the FAE-clade. Although these endophytes
are all genetically distinct hybrid spp., they share a common ancestor that appears to have
tracked the evolution of a small group of Festuca and Lolium grasses. This ancestor is
postulated to represent an example of the asexual non-hybrid endophyte, perhaps arising
from a host jump that originated prior to the emergence tetraploid Festuca arundinacea
and the diploid Lolium spp. The fact that this lineage has been subsequently hybridized at
least four different times may be a dramatic example of the long-term instability of a
truly asexual lifestyle. Thus far, this proposed haploid lineage has not been isolated from
any host, and may indeed have succumbed to mutation accumulation. Perhaps it is
represented today solely by its contributions to hybrid Neotyphodium spp. Given these
notions, it may be more accurate to conclude that there is more than one way to slow
down or stop the ratchet. The key notion isn’t that sexuality is necessary (although it is
very common among the fungi), but that the influx of genetic material is necessary, and
that parasexual hybridization has emerged as a fundamental instrument of such change.
Amazingly, the asexual non-hybrid N. inebrians appears to be the most deeply
rooted endophyte lineage yet sampled. Is it possible that this species is a relic that has
somehow managed to escape the effects of Muller’s Ratchet? Or does this suggest that
there is a more closely related Epichloë species or population from which N. inebrians
arose, awaiting discovery? At least two hypotheses can be proposed to explain these
findings. First, it is possible that this N. inebrians is either not now, or at some point in
the past, has been restricted to asexuality. Sexuality may have been prominent at other
stages in the evolution of this lineage, with strict vertical transmission arising more
recently. As I have shown that some extant Epichloë species reliant upon horizontal
transmission can conform to a co-cladogenic hypothesis, this could surely have been the
case. Alternatively, several studies conducted on other fungi, also presumed completely
asexual, have found phylogenetic evidence for cryptic sexuality (Burt et al., 1996, Geiser
et al., 1998). There are no indications at present that N. inebrians has undergone cryptic

152

sexual expression, but sequencing of more genes will enhance our ability to test this
possibility.
Examining additional genes will also allow us to test another possibility: that N.
inebrians is actually a hybrid endophyte that has simply lost most genes derived from one
or more of its Epichloë relatives. Gene loss has been documented for Neotyphodium
endophytes. A good example is N. uncinatum, a dominant meadow fescue endophyte.
Previous results (Craven et al., 2001a) have shown that this endophyte carries a single
tub2 gene and a single tef1 gene. However, these two genes were donated by different
Epichloë spp., providing evidence that it was a true hybrid. These results were confirmed
by analysis of act1, where two copies were found, one from each ancestor indicated by
tub2 and tef1 analysis. Therefore, it is possible that N. inebrians has similarly lost most
genetic evidence of one or more Epichloë ancestors, and this may indeed be more likely
for a lineage that appears to be of ancient origins. In support of this possibility, N.
inebrians sequence data obtained from a gene involved in alkaloid biosynthesis, dmaW, is
placed entirely outside the genus, and in fact, more closely to a species from the related
genus Balansia (J. Wang, 1999). This suggests the incredibly exciting possibility that N.
inebrians may indeed be an ancient hybrid with an ancestor greatly diverged from the
grass endophytes.
With regards to the asexual non-hybrid endophytes, it is particularly interesting
that these strains are commonly related to sexual Epichloë spp. in different host grasses.
Might this not represent instances of the type of episodic selection that Brasier referred
to? It is not difficult to envision host jumps as promoting renewed rounds of episodic
selection for the endophyte, particularly if sexual function is compromised. It is fairly
easy to envision a scenario wherein an ascospore-mediated infection of a novel host
might be successful, but result in a suppression of sexual expression by the newly trapped
symbiont. Suppression of sexuality may arise from a combination of factors, including
environment and host genotype. While removal of sexual transmission may be a dead end
for many fungi, the capacity for seed-transmission among many Epichloë species enables
utilization of an extremely efficient alternative transmission route. The consequence of
such a scenario is quite likely episodic selection of great magnitude. While a systemic
growth habit and some seed transmission has likely played a role in fostering attenuated
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virulence in genus Epichloë, and even defensive alkaloid chemistry, a reliance upon
vertical transmission dramatically shifts selection on both partners. An obvious example
is fairly rapid host specialization, as the endophyte can only be passed to grass plants
interfertile with its host.
Along these lines, it is quite interesting to note that, as a biological species,
E. typhina is characterized by quite a different phylogenetic pattern when compared to
other more specialized Epichloë spp. The “E. typhina complex” is comprised of a
genetically diverse group of host-associated populations that have failed to establish
mating barriers from one another, and remain experimentally interfertile (and thus
members of the same biological species). Although there is evidence that particular
populations of E. typhina do appear somewhat specialized, as an interfertile biological
species they infect grasses in three distinct tribes (Poeae, Aveneae, Brachypodieae). This
is perhaps what would be expected from a group of endophytes, apparently diverged
early on in the genus, that have never apparently developed the capacity for efficient
seed-transmission, and have instead remained reliant upon contagious spread to infect
new hosts (Craven et al., 2001b).
If such host jumps do in fact spawn asexual endophyte lineages, episodic
selection on the immigrant endophyte could be amplified, particularly if the new host is
already infected with a genetically distinct resident endophyte lineage. This scenario
could bring together several factors: 1) physical interaction between the resident and
immigrant endophyte strains, resulting in episodic selection on both; 2) an isolating
mechanism such that the immigrant is unable to simply jump back out of the new host; 3)
fungi lacking a vegetative compatibility system. The combination of these factors could
facilitate strong selection on both of the interacting endophytes, such that hybridization
between them has emerged as a means to avoid extinction (at least in that particular host)
of one or the other.
The concept of coevolution has been utilized to characterize many interactions
between organisms. Here, I specifically use this term to suggest that the intimate,
systemic and seed-transmissible symbioses involving Epichloë and Neotyphodium
endophytes originated simultaneously, or relatively shortly thereafter, the origins of grass
subfamily Pooideae. I have presented evidence that co-cladogenesis has occurred
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between the large majority of Epichloë endophytes and their hosts. I have also presented
evidence that those host-endophyte pairs not conforming to this notion of coevolution
appear to have arisen from host jumps. Among the currently recognized endophytes,
E. typhina has the broadest host range and is typically incapable of seed-transmission.
This description may be somewhat of a simplification, as N. t. canariense and perhaps
N. aotearoae appear to be asexual descendants of E. typhina that have arisen in grasses
from tribes Poeae and Aveneae. Other examples of incongruency also appear to be
associated with host jumps that have spawned asexual endophyte lineages. These findings
further support the hypothesis that asexuality may be initiated by such a process in most
cases, resulting in host-endophyte pairs that fail to conform to a co-cladogenic pattern.
Chapter four provides a critical study of a missing piece of this evolutionary
puzzle; namely, knowledge of the relationships that occur among the natural hosts of
Epichloë and Neotyphodium endophytes. Importantly, all well-sampled grass tribes are
infected with fungal endophytes, including early-diverging tribes such as Brachyelytreae,
Stipeae, and Brachypodieae. My study indicates that patterns of genetic divergence in
these grass hosts are mimicked by those in their symbiotic endophytes. Generally
speaking, distantly-related hosts tend to be infected with distantly-related endophytes and
closely-related hosts are typically infected with closely-related endophytes. These
phylogenies will serve as the groundwork around which we can formulate coevolutionary
hypotheses, refining our notions as even broader surveys are made.
Cocladogenesis is an indication that patterns of genetic divergence among one
group of organisms are mimicked in those of another. These data suggest that the level of
cocladogenesis is quite high among grasses and endophytes, even for some of the strongchoking Epichloë species (E. baconii in C. villosa and E. glyceriae). This type of analysis
extends our coevolutionary studies in several ways: it provides a means of statistical
evaluation of the observed congruence (Mantel); and use of regression analysis and the
bivariate plots provide a visually intuitive means of representing these genetic
relationships and detecting extreme relationships.
Thus, grass-endophyte symbioses can generate an extraordinary level of genetic
diversity and appear to have been maintained since the very origins of the host family. It
is tempting to speculate on the similarities between these relationships and those
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involving prokaryotic symbionts that eventually became cellular organelles. In both
cases, a strong bond was presumably established that tied transmission of the symbiont to
that of its host. And in both cases, selective benefits could be accrued by both members in
the partnership. These characteristics promote the long-term maintenance of the
association, which in turn likely allows even greater levels of intimacy to be achieved.
While the grass endophytes are still mostly culturable outside of their hosts and their
relationships are of more recent origins than those of cellular organelles, it may be that
they are following a similar trajectory, guided by the principles of evolutionary potential
and episodic selection.

156

Appendix One.
Characterization of the mating-type idiomorphs from grass endophytes.

A1. Introduction.
Ascomycetous fungi have reproductive systems typically classified as either homothallic (selffertile) or heterothallic (obligately outcrossing). Heterothallic ascomycete species are often
comprised of two distinct mating types (bipolar) that depend upon fertilization of a “maternal”
strain producing ascogenous hyphae by a “paternal” strain, via spores typically referred to as
spermatia. Fertilization between members of opposite mating type, but of the same biological
species, results in normal production of ascomycete fruiting structures (perithecia, apothecia, or
cleistothecia), followed by production of haploid ascospores capable of infection of new hosts.
The manifestation of sexuality among ascomycetes is typically governed by the
expression of genes residing at similar positions in the genome commonly referred to as the
mating type (mat) loci. The genetic structure of mat loci has been investigated for several
ascomycete genera (Arie et al., 1997; Yun et al., 2000; Waalwijk et al., 2002). The alleles from
opposite mating types of the same species are typically so genetically distinct that they are
termed “idiomorphs”, yet interestingly, are often flanked by highly homologous sequences or
genes. For example, the mating type idiomorphs of Mycosphaerella graminicola are both flanked
by a conserved 5’ ORF encoding a DNA-lyase protein suspected of functioning in mating
function, likely as an exonuclease (Waalwijk et al., 2002). Gene sequences obtained from the
mat loci of several ascomycete groups contain DNA-binding domains, suggesting that the
protein products of genes in these loci function as transcription factors that turn on genes
required for normal sexual expression (Turgeon, 1998). In most cases, one mating type
idiomorph (mat2=mat1-2=mat a; depending upon the particular genera or species involved)
encodes a protein with a high mobility group (HMG) motif, while the opposite idiomorph
(mat1=mat1-1=mat A) has at least one open reading frame (ORF) encoding an alpha (a)-box
motif (Turgeon, 1998). In the Fusarium/Gibberella species complex, three different reproductive
modes exist (heterothallic, homothallic, and asexual), each with distinct mat locus organization
(Yun et al., 2000). Heterothallic species such as G. fujikuroi are comprised of mat 1-2 strains
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containing a single ORF encoding a protein with an HMG box motif; and mat 1-1 strains with
three ORFs, one of which (mat1-1-3) also encodes a HMG-motif containing protein, although
distinct from the former. A second gene (mat 1-1-2) encodes an unknown protein suspected of
functioning as a transcription factor, and the third yet a different protein with an a-box motif.
Interestingly, the homothallic species, G. zeae, carries homologues of all four mating-type genes
found in the idiomorphs of heterothallic species. Isolates of the asexual species F. oxysporum
contain the mating-type gene complements of one or the other idiomorph, and thus have similar
locus organization to the heterothallic species. These homologues are highly similar to those of
their heterothallic counterparts and are apparently expressed; suggesting that asexuality in F.
oxysporum was likely not a result of dysfunctional mat genes (Yun et al., 2000).
The genus Epichloë has a heterothallic, bipolar mating system (White and Bultman,
1987), and is comprised of distinct biological species that can be distinguished based upon
artificial mating tests. Fertility barriers between opposite mating types of different biological
species are essentially complete. Although perethecial initials can often be obtained, mature
ascopspores are never obtained in such interspecific crosses. There is no evidence for vegetative
incompatibility within the genus, and complementation of different nitrate utilization mutants has
been documented to occur through the parasexual process of hyphal fusion, or anastamosis
(Chung and Schardl, 1997). In this study, single-spore isolates obtained from the
complementation zone were nitrate non-utilizing and had parental b-tubulin genotypes,
suggesting that nuclear fusion (karyogamy) had not occurred and prototrophic growth was the
result of heterokaryosis.
These characteristics of genus Epichloë are particularly intriguing in light of the
profusion of interspecific hybrids in the genus Neotyphodium. Given the strong interfertility
barriers among sexual Epichloë species and the complementation results described above, hyphal
anastamosis has been proposed as a mechanism for the generation of these hybrids (Clay and
Schardl, 2002). However, Neotyphodium species retain their multiple genomes within a single
nucleus, verifying their identity as true genetic hybrids and distinguishing them from
heterokaryons. Such uninucleate, interspecific hybrids have not been generated artificially (either
via sexual or parasexual processes), and thus the question of how hybrids are created naturally
remains an open question.
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One means of addressing this issue may be to examine the mat gene complement of
hybrid Neotyphodium species. If these hybrids have arisen strictly via sexual crosses, then we
would expect them to consistently contain complements of opposite mating type genes
(idiomorphs). However, if examples emerge wherein Neotyphodium species have two copies of
the same mating type idiomorph, then it is likely that parasexuality accounts for the evolution of
at least some of these asexual symbionts.
Indeed, the very notion of their strict asexuality leads to questions regarding the
consequences of such a lifestyle. What becomes of functional mating type genes once
hybridization has occurred and resulted in an endophyte presumably confined to seed
transmission? Throughout the body of this dissertation, I have provided evidence that hybrid
formation may, in many instances, involve an asexual nonhybrid lineage that has hybridized with
another sexual Epichloë species. Inherent in this notion is that these asexual nonhybrids may
have been deprived of sexual expression for extended periods of evolutionary time. If this is
indeed the case, it seems reasonable to assume that selection pressure to maintain fully functional
mating type genes might be relaxed. Therefore, we might expect that the mat genes found in
asexual nonhybrids appear more variable than those found in their nearest sexual relatives.
The research provided in this appendix is intended as an initial investigation into the
structure of the mating-type loci of grass endophytes. I utilized degenerate primers based upon
the mat a ORF of Neurospora crassa (Arie et al., 1997) to amplify a potential homologue from
an isolate of E. typhina. A primer-walking approach was then employed to derive the sequence
of the entire locus and a nearby, linked gene encoding a putative DNA-lyase protein.
Conservation of the DNA-lyase gene between different mating type strains allowed a homolog in
an E. typhina isolate of opposite mating type to be extracted, followed by primer-walking into
the mat locus of this opposite mating type. Characterization of these mat gene idiomorphs among
sexual Epichloë species should provide a framework for further investigations into the structure
of mating-type loci of sexual and asexual endophytes, and potential causes and consequences of
asexuality in the genus Neotyphodium.
A2. Methodology and results.
Degenerate primers NcHMG1 and NcHMG2, described by Arie et al. (1997) and based upon the
mat a idiomorph of N. crassa, were used to PCR amplify a putative homolog from E. typhina
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isolate ATCC200851, an endophyte naturally infecting the grass Dactylis glomerata. Primer
degeneracy necessitated cloning the resulting fragments into a plasmid vector via TA-cloning.
pBluescript (pBS KS+) was cut with the restriction enzyme EcoRV to create blunt ends, and then
incubated with taq polymerase in the presence of dTTPs to create T-overhangs complementary to
the taq-generated mat a homolog PCR product. Ligation was followed by transformation into
XL1-Blue electrocompetant E. coli cells. Five positive clones were selected and grown in media
amended with ampicillin. DNA was digested with BamH1 and HinIII, and two clones were
selected with the appropriate sized insert and sequenced with PCR primers. The resulting
sequence was highly homologous to HMG-box type transcription factors found in the
mat a (=mat2=mat1-2) mating type loci of related fungi (ORF1; table A2). Four new primers
were designed internal to the original priming site and used in a chromosome walk (both 5’ and
3’) using the GenomeWalker kit from Clontech. Two of these primers (E2466.mata.HMG4-3 and
E2466.mata.HMG3-3) were used to PCR screen isolates of opposite mating type from five biological
species of Epichloë, and amplified strong products of the expected size for all strains of the same mating
type as ATCC200851. Interestingly, weak bands were also amplified in most cases from isolates of
opposite mating type.
A second putative ORF (ORF 2; table A2) with strong homology to DNA lyase genes

from other fungi was encountered approximately 1 Kb upstream from the initial starting point for
primer-walking. Primers were designed (E425.DNAlyase1 and E425.DNAlyase2) based upon a
conserved region of this putative ORF and found to amplify a product of expected size from all
endophyte strains, regardless of mating type. These primers were used to screen a cosmid library
of E. typhina isolate ATCC200736, naturally infecting Lolium perenne and of opposite mating
type from ATCC200851. A positive clone was selected and primer walking was initiated in the
3’ direction, eventually yielding three additional putative ORFs with high homology to mating
type genes (=mat1=mat1-1; figure A1). The first putative ORF (ORF 3; mat1-1-1) had
homology to an alpha-box transcription factor, the second (ORF 4; mat1-1-2) to an
uncharacterized transcription factor, and the third (ORF 5; mat1-1-3) to an HMG-box
transcription factor (but distinct from the HMG-box inferred for the opposite mating type). A
PCR screen of endophytes of both mating types with primers designed upon this second HMGbox (=mat1-1-3) resulted in amplification of only endophytes of same mating type as E. typhina
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isolate ATCC200736. A map of these loci is shown in figure A1, and the entire sequences for
both are given in figure A2.
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Table A1: Primers used in this appendix.
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Primer Number1

Primer name

Primer sequence (5’ to 3’)

1

HMG (+2050)d

GTTTCAGTGATGCTACCTGCTCGTTTG

2

HMG (+2000)d

GTTCCGTTACTGTCAGTATTGTTGCTG

3

E425.DNAlyase1

4

HMG (+1650)u

5

E425.DNAlyase2

6

HMG (+500)d

CACCAGCTCCGTACTGGCCAGCAAAGC

7

HMG (+200)u

CGAAAAGACCATCCTACTCCATAACTC

8

E2466.mata.HMG4-3

GCTTTTCCAGCAAGGCTTGCTTGACTC

9

E2466.mata.HMG2-3

GAGTCAAGCAAGCCTTGCTGGAAAAGC

10

E2466.mata.HMG1-3

CGGTATTGTGTCGTTCCTTGCGGTAGA

11

E2466.mata.HMG3-3

TCTACCGCAAGGAACGACACAATACCG

12

HMG (-200)d

GTGCTGTATTGCATTGACGGAACTGG

13

HMG (-500)u

GAAGCCTTGGGAAGTTTGGAGTGTGAC

14

HMG (-1350)d

CGTGGACAAAGTCGGCATAGCTCAC

15

HMG (-1750)u

CCACGACCAGGAGGACAATGGGCTATC

16

HMG (-1800)u

CCTATGTGATGGACGGTGGGAGTAATGC

17

E8.DNAlyase.1d

CGCACTGCGACAGACAGCACATCACC

18

E8.DNAlyase.2u

GGTGATGTGCTGTCTGTCGCAGTGCG

19

E8.DNAlyase.2d

GGATATCGTTTTACTTAACTTCCTGGC

CTCCAGGGTACCAGATAGGGTATTTG

Table A1. (Continued)
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Primer Number1

Primer name

Primer sequence (5’ to 3’)

20

E8.DNAlyase.1u

GCCAGGAAGTTAAGTAAAACGATATCC

21

E8.DNAlyase.3d

CGTGTCTCAAAAACATTGGGTTTCC

22

E8.DNAlyase.4d

ACCCTGTGAGTTTCCGCCCTCCAA

23

E8.matA.HMGbox.1u

24

E8.matA.HMGbox.1d

25

E8.matA.HMGbox.2u

26

E8.matA.HMGbox.3u

27

E8.matA.HMGbox.4u

28

E8.matA.ORF2.1u

GCCTTCCAACCACAATGTTTTC

29

E8.matA.ORF2.2u

TTAGTATTGTGTCGTTTTGG

30

E8.matA.ORF2.2.5d

GGAATTAGTCTCCAGTAATC

31

E8.matA.ORF2.3u

AACCAAGTCAAAATGGCGACCA

1

Primer number corresponds to contig maps in figure A1.

CTTCTCAGGTGACCACCATTG

Table A2. Results of BLASTx searches for putative ORFs from Epichloë typhina.

Putative Epichloë ORF

Highest blast hits

Organism

E-value

ORF1

MAT1-2-1

Paecilomyces tenuipes

4e-51

MAT1-2-1

Cordyceps militaris

4e-50

mating type protein MAT-2

Gibberella fujikuroi

2e-28

mating type protein MAT-2

Gibberella circinata

9e-28

ORF2

ORF3

ORF4

ORF5

putative mating type protein 1-2-1 Colletotrichum musae

4e-24

DNA lyase

Cordyceps militaris

2e-25

DNA lyase

Paecilomyces tenuipes

1e-23

DNA lyase

Leptosphaeria maculans

7e-13

DNA lyase

Mycosphaerella graminicola

8e-11

mating type protein MAT1-1-3

Gibberella zeae

6e-31

mating type protein MAT-1-3

Gibberella fujikuroi

4e-14

mating type protein MAT1-1

Gibberella circinata

2e-11

Sporulation minus regulator 2

Podospora anserine

3e-11

mating type protein MAT1-1-3

Cryphonectria parasitica

3e-11

MAT1-1-2

Paecilomyces tenuipes

8e-53

mating type protein MAT1-1-2

Fusarium sacchari

2e-22

mating type protein MAT-1-2

Gibberella fujikuroi

9e-20

mating type protein MAT1-1-2

Fusarium guttiforme

6e-19

mating type protein MAT1-1-2

Gibberella zeae

4e-13

MAT1-1-1

Paecilomyces tenuipes

1e-34

MAT-1 protein

Fusarium oxysporum

8e-28

putative mating type protein-1-1

Gibberella avenacea

8e-28

mating type protein MAT-1-1

Gibberella fujikuroi

1e-27

mating type protein MAT1-1-1

Gibberella zeae

1e-25
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Figure A1. Maps of putative mat loci for Epichloë grass endophytes.
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Figure A2. Nucleotide sequences from putative mat gene loci and partial DNA lyase genes for
Epichloë typhina. A: mat1 locus; B: mat2 locus
A)
AAGCCTGTTGATTCAGCGCCGCTGGCTGTTCATCCCACACCCTCCGGTCTGCGAGAGTCGCAGACCAACAACACGTC
ACCACGCACTGCGACAGACAGCACATCACCTACCAAATCCGCATCGCGAGAACCCGTTCCGTCCGAACTCACTAGTC
CCTCACCGAAGTACTCGCAAAGCAATCGCTCGGAGCCTATCTCCAGGTTACCAGATAGGGTATTTGACCCTATTGAA
GCCAAGGAGTCATGGTCCAAGCTGCTAGGCAAACGAGTTGTGCCAAGGTGTGAACACGAAGAACCCTGCATCAGCTT
GGTCACAAAGAAGCCAGGCGTGAATCGCGGTATGTCTGTTCCTCCCTAAGCGCGCCCCGCGCCATTGTTCCTGCCAA
TGACTTTCGCCCATCTCATTAAACAGTGTCGCTGCCAGCCGGCACGTTACTTGGATATCGTTTTACTTAACTTCCTG
GCAAACAGGACGCTCGTTTTACATTTGTCCCCGGCCGCTTGGTCCGTCTGGCGAAAAGGAAAAGGGATCCGAGTGGC
GATGCGGGACGTTCATCTGGAGCAGCGACTGGAACGGCACGGCTGCATCATGATACACCAAGTTCAAGTTTATTTCT
TTGGGAACGGCTGCTGAGTCCTTGACGCTCACTACCAAAACCTTGGTTCTGTCGGATCATTAGTAATCTGCTTTTGG
AAAGCTACTATGGAACTGTTGCCATGAATCAACACCGCAATTCCTGTTTTTTTTTTCAATTACCTGCCTTCTCCGTC
TCGGTTTATTTGAGTCCTCTGACGATATTCCACCGTAGCTACTACCACTCTCAGATATGAAGTCATTGTACGACGTG
TAGATATAATAAGACGAAGCACTTCATAGCATACAACGACGTGTCTCAAAAACATTGGGTTTCCAATCAAAAGCAAG
AACAATCCCCGTAGAGGCGGGTAGTAGTGTCGCTGAATTTGTGTCAACACAGATTCATCATGGATCGTGTGCATGAC
ACTTGCTCACAGGCCTGAGCACTATTCACATGTTCTTTCCTGTGTGGACTGGGCCGCGCTGCCGGACTCGTTTCGTC
GCGTCGTACCTCATGCACTGGATGTCGACATGACGGGAGCTGTGCACCTCGGGAGCTTTGCTGGCCAGTACGGAGCT
GGTGTTTTGGGAAGGGCGAGGAGCAGACGAGAAGGAGTGGGTCGTTGGTGTTTTCTGTGTCTGGAGAAGGGATTGGA
GTTTTTGTGCCGTGGACGGTTCGAAGTTTTCAATGTTCTTGGTTCACTGTATTGATGTAGCAATAGAGAATCTAATT
CAGAGCCATGCAGCAACTGAAACCCTGTGAGTTTCCGCCCTCCAATTCATCAACTTCGATTCAGGAGCCATAGTTGC
TCTGGTGTTCGGGACCTATTTGTTTTTCTCCGCATTCTTTTTTGTAGTATACTTATACCCGGGGTACTTCTCTTTAT
GTAATCGATCCTCTTCTTGTGCCATTTTCTGCCAGAAAGCTTTCTCCTCTTCGGTCTCATTCTTCCAGAGAGAGGAT
ATCATGGTAGCTGTAATTATTAGAAAGTGAAAGAGGTGATTAGGGTCATCCAACATACAAAGTTCTGACGCAGTAAT
TCCTGAGTGGTCTTTCCTCAGTTCTCGTGATTTGAATTGACGGTATAAGATCCAACTGTTTCTAGGGCGGGGAATAT
GACTGGAGGTGTCTTCAGATTCGACAACGCTCGTATCGGCTGGCAAATCTTTCGGGTCCGATAGATCTTCCTAAAGT
TCAGTAAATAAGTTCTCATTTGGAGATTTGGAACTTACCACAACTGAAAAATGGTGTACCGTATTTCGTGGTGTCGA
CCATGGTTCCGAAGGGGAGCGGGCAAATACGAAACTTCTGTCGATAAGTGTCATGGAACACAGACACTGGTTGCTGG
ACAAGACGACTGTGGTTTTGTCAGATGACTTCATTTTTATGAAAATATCCATACCTGAAATTTTTTGCAAGCACTTC
CACAAGGTTTCCGTGGAAAGTCTCGGGGACGAACACATGAACATTGCCTTGGACCTCACTGGTGACAAAAGTCACTG
GTGCATCCATCGAACTGCCATCATGGATCTGCGTTCGGGGTCGCATCTTCATGCCTTATTCGCAATGTCAGCCTGTG
GAAAATTTTCAGTGTGGGGATTTTGTCGTGTGTGAGTGTCGTTGTAATAAAATGAAAGGCAAAGATGGAACGAGAAC
AAGGTTGCTGAAGTGAACCACGCCAACGTCGAAGCCAGCCCCGTTCTTCTCAGGTGACCACCATTGTTTGCAACCCT
TGATTCTCTTTTTGGCAACCTTCAGCCACTTCTTTCAGAGCTTGGACTACCCTCATTTTCGATGAAATCGTTTTGTC
TTCCAGACTCGGCGCAACACAAATGGAGAACATACATCATTTTTCGCCTTTGTGGCAGAGGCTGGAGTTAGTTTTCA
AGCCTGAACAAGCTATAGAAGAGCTTCGAATTAAGTCCCTCCAAGCATTTCTCCATAATCATCGTTCCGAAGCAGCA
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Figure A2. (Continued)
AAGCCTCTGAATTTGAACCGTACGTATCTCGGTAACAACAAAATACATAATTTGCTAACTTTGTTTTCTAGAAGTCG
TACTGGAATGCACTTGTATTATTCAGCAGCTTCTTGAGAATAACAATGATGAGAATGAGATTCTTCAAAGACTTCAC
AGCTCTGGACAAGGTGATCCTTTGGCAATTGTGAAGAAGGCTTTAGTACTGTGGTACGCCGGTTCATCTTCAATATT
TTCTCGCGATCCGCATCAAGGACTTCCACCAGACTCAGAGTTGGAGGACGACAGCGGAGCGCCAATCTTGACCTGGA
GTCGTCGGTTCTTCCACGAACAATATGCGATCGGCAATTTAGGCTTGATGGCAATGCTAATGACATCTGAAACCTGG
TTGTCGCCCAAACACGAAAAGCTCAAAGCCGCTTCCCTTATATCGACTGCTTCGGCAACAATTCTATTTGCCTCATA
CTTGATTTGCACTGAAGTGATGCATAGGCCATGGGCCCACGATGTTTCGTCCGCTCAAAGCTCCGAAGCAATGGCAT
TGTTCATTAGATCATCATGGCAAGTTGCTCGCGAAAACTCTGAAATATTCGACAGTCCACCTGGAAGGGAATTCGGT
GCAACCTTAAAGGAGATAAAACTTAGCGATGATGGCAAGCGGTTCTTGACCAAGATCGGACACGAATCCTGGCATGA
GGCTCCTTATTGGCATCCATGCCGACGGGTTCCTGGTTCCTCTTGGAACAAATACTTACGAAATTTCGCCTGTCCTT
TGTTTCCCACTCATCATACAACCAACAAGATTCATATAAGCCTTCCAACCACAATGTTTTCTCTGGTTCAACCTTGG
GAAGCATATTATGCGGAACTCCGTATTCGATTCGATCAGGTACGCCATTTTCAAGGGAAACTTCTCATGATTCCTTG
ATACTTGCTGACCTGAATCACTCTAATAAAGACTGGACGCCGTCGCTCACTTAATTCAACGGCGTCACGAAACGCCC
AATATTTGCGAATGGCTCAAGCTACAGGACACCCGTATCCAGGACGCAAACTTTCTCCTCAAGTTAGTTTTCACATG
ATATCACTCTTTTCTACAGAGAACTGACACCAACTAGTTTGCCAATCACAACTTGAATGTGGAACAAGAATATCTTC
TCAATATGCCCTTGGTAACTTAACGTCTTGACTAATTGCCAGGGGAATAGCTTGCTAATATTCTGGCAGATTAAGAA
ACCCGTCGTTGACTTTCGTGGTAATTTGACATTGCCCTTCATGACTACAGCATTAAGGGCCGTCAGGTTTCGAGTGG
AACCAGAGGAGATTGCACGAACGTTTAGTATTGTGTCGTTTTGGGTAGTGTACACCAGATACACACAAGGTAGAACT
CCGAGGATATTTGCACCTGCCGTGTTCTGTCTCACGCAAATGTCACTTTCTCCAGGATGTACCCCTTCTTAATTAAG
CTTCTGATCTGACGAGAAACTGAGCATATAGCCCTGGTCAGTGTCAGCTTTAGCAAAAGCCACAAAATCCACTCTGC
CTACCCCTGATTACTGGAGACTAATTCCACCCCACCCCCACCCCAGTAATTCACAACTCTTCGACTCATAAATGCAC
TCCCTCCCACTCTTGAACAAGTACTCATTAGCAGAATGCTTCTCTAAATTCTTCCCCCTTCTCACGGTCGACAACAT
CACATTAAACCAAGTCAAAATGGCGACCAGGGCAGAACTCATGCAACGGCTTTCAATGCTTCCTACACAAGAGCTCC
TTCAATATTTGAAAGACGAAACCATGCTTGACATTGCCTCCCGATATTTCGACACTACATTTCAGCCCACTATGACG
CCGACATTCAACCAAACGGCAATGAACTCTCATCTGAAATCAAGAGTTCAGACCTGCGAAAAAGCTAAGCGACCATT
GAATGCTTTCATGGCTTTCCGCAGTGAGTTCACTCAATGAGAAGAATTTGGGGAAGTATAGCTGACCACAATGGAAT
GTAGGTTACTACCTAAAACTTTGGCCGGACCAGCAACAAAAAACCGCTTCCGGCTTCCTCACAACCCTTTGGAACAG
AGATCCTTTTCGAAACAAATGGGCCTTGATTGCCAAAGTCTACTCCTTCGTTCGTGATGAGGTTGGCAAGGACAAAG
TCTCATTAGCCTACTTCTTAGGATTTGCGTGTCCAGTAATGGGAATCGTCGAGCCCCAAGCGTATTTGTCGATTCTT
GGCTGGTCGGTTGAAGGAGTTGAGCCACTGCAGCGACTCGTTCAAGACGAGCGGTTGCAGCTCTCG

B)
GGCTGGTATAGCAGATTGCATTACTCCCACCGTCCATCACATAGGCTAAAGAGAAAGAGTCATTTGATTGTCCAGTG
ATAGCCCATTGTCCTCCTGGTCGTGGCTCCAAACGACGAAGCGCTGAAAAAGTCGGAAGTGCGGGTAGGCTTGGGGT
TGACATGGCTTCTGTTCTCCTCATGGGGCTCAAAATCAAATGAAGTGGTCGTTATTGGAGAGAAGGTTGGAGTTCAT
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Figure A2. (Continued)
ATGCGATTCCGAATAAATTTGTCGACGCTCCGGTGAAAGCTTTTGCAGCGGGTATGCTTTGCTATAGGAGAAACGGA
GTCGGAATGAAATTGGAGTGTGGGGGGGAAAGTTTTGAGCTGTAAGTGTGGTGAAGAAACACTTGCCATATTAACGA
ATACTTGAGTGTGACTTGAACGAGTTGTCTTACAGATCACTTCAAAAATTTGGTGGGGGCAGCCATGGCTGCGTGGA
CAAAGTCGGCATAGCTCACTCTCTGTTCACTTCTTCTACCTGAAGGTACGGCACAGGCATAAGGCATACTTACAAAG
TCAGCCCTTTGAAACCCCCACCAGAACCGCTTGGTTCTGTATTAAATTTGGTTGTATTCATTGGCGACGAGTCATCG
TAAAGACTGGAAACTCTCCAGATGATTCAACATCAATGTTTCAGTGGATCCATGCTGGCCATTGAATGAACACACGA
AGACAACTGAACCTCTACACAGAGGTGGGAAGTGCATGACACCATGCTTAACGTCGAGAGACTGTCTTGCTAACCTT
CGGCGTCTGTGTGAGACTAATTTGGCGTCTACAACATTGAGTATCTTAAGACCGTGATCATCTGAGTCTCAAATGAA
AAACCCAGGAATAGTCATGGCTACAGTGCCACTTTTTACACAGACTTATTTGAAAGCATCTCCCAGGTTTTCTATCC
ACTTTTTGGGGGTGAGGTAAAGGTGAGTTGTAGGAGGGTGTGGGCGTTGGACTTAAAGAACACGCCTTTTGCAAGTG
GAGCCGAACGCCGCTTGAACTGGGGTTTGGCCCAGAGCGTTCACAGGGGAGAACGACAGGCTGAAGAGCCCTTGTTA
TAATCGAGAGCTCCTCACCATGTCCATACCTTTCCATGCACTCAAACCTGATGAATGTCTTCGTGACTCTTCATCCA
AAGTCTTCGAACTTCGCTTGCGCAACTATTTTTAAAAAGTAAACTGCAGAACTTCCATCACCACCCTTTACAAACAT
TTCGCACCTACCTAGACACGACAATTTTCGACTTTCTCTCATGGCCGACATCTCATAAAGTCACACTCCAAACTTCC
CAAGGCTTCGACAGTACCAAAATGTCCTCCGAAATGAATTGGGCTGTGTCTCAATGGAATGCAGATCAGTTGAGGAC
GATTTGGAGCCAACTCCAGTTGCAGGTGAACCCGTTTGTGCAGGTACTTTGCTTGGATGGCAACCTCTACCGGATGC
TTGACACAGGCGCCAAGAATTTCATTGCCCAGAACTTCATGTGAGAAAGACCTTGAAATTCTTAACTCTGAATTTGA
CTGACGAAAGAAATTTAGAAACCATGTGAAAGAATCTGTGCTGTATTGCATTGACGGAACTGGCCATGATCGTGTTT
TTCTTGGTGCTCCACGCCATTTCGTGACAGGAGGAGGGATGCTTCTTCAGCCTGGAGGTTCAGAACCCTTTTGGGTT
GTTCGATCGGAAACAAAATTAAGAACACCAGCAGTGTGCTCACCCTCTGTTTCGGCGAAGACAACGAAGATTCCACG
TCCACCAAATGCCTATATCCTCTACCGCAAGGAACGACACAATACCGTGAAAGATGCCAATCCTGGCATCACGAACA
ATGAAATTTGTAAGTAATGTGGAAAATGACTAGTATTCAAGTACTAATATCTGGAAGCCCAAATTCTTGGCCGAGCA
TGGAACCTTGAGACACGAGATGTACGACAAAGGTACAAAGACATGGCGGATAGAGTCAAGCAAGCCTTGCTGGAAAA
GCATCCTGACTATCAGTACAAACCTCGAAAGCCTTCGGAGAAAAAACGCCGTACGAGAAAAGGTCTGCAAACACAAG
CTCCAATCAACCTCACCAAATGTGTCTACCCGATGTCGTCTCCAGAGAGCGACATACCGGTTGCAGCTTCTCCCCTG
CATAATGACCAAATTTGAGTGAGCATAATATCATGGTGAGTTATGGAGTAGGATGGTCTTTTCGAATTTCTGATTTA
TGATATGATACCCAAATCGGATTTTTATTGCTTCAGAATTTTCATTCAACTGTACAAAGCGCGGAAACGTACACACG
ACCAACGCGGGGATCGATGGAGTTATGGGCGCATTACATAGGCTCTCACGAGTTGCATGTCTCTGAATTAGATTTTC
TATTGCTACATCAATACAGTGAACCAAGAACATTGAAAACTTCGAACCGTCCACGGCACAACAACTCCAATCCCTTC
TCCAGACACAGAAAACACCAACAACCCACTCCTTCTCGTCCGCTCCTCGCCCTTCCCAAAACACCAGCTCCGTACTG
GCCAGCAAAGCTCCCGAGGTGCACAGCTCCCGTCCCATGTCGACATCCAGTGCATGAGGTACGACGCGACGAAACGA
GTCCGGCAGCGCGGCCCAGTCCACAGGAAAGAACATGTGAATAGTGCTCAGGCCTGTGAGCAAGTGTCATGCACACG
ATCCATGATGAATCTGTGTTGACACAAATTCAGCGACACTACTACCGCCTCTACGGGATTGTTCTTGCTTTTGATCG
GAAACCCAGTGTTTTTGAGACACGTCGTTGTATGCTATAAGTGCTTCGTCTTATTATATCTACACGTCGTACAGTGA
CTTCATATCTGAGAGTGGTAGTAGCTACGGTGGAATATCGTCAGAGGACTCAAAGGAACCGAGACGGAGAAGGCAGG
TAATTGAAAAAAAAAACAGGAATTGCGGTGTTGATCCATGGCAACAGTTCCACGGTAGCTTTCCAAAAGCAGATTAC
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Figure A2. (Continued)
TAATGATCCGACAGAACCAAGGTTTTGGTAGTGAGCGTCAAGGACTCAGCAGCCGTTCCCAAAGAAACACAAACTTG
AACTTGGTGTATCATGATGCAGCCGTGCCGTTCCAGTCGCTGCTCCAGATGAACGTCCCGCATCGCCACTCGGATCC
CTTTTCCTTTTCGCCAGACGGACCAAGCGGCCGGGGACAAATGTAAAATGAGCGTCCTGTTTGCCAGGAAGTTAAGT
AAAACGATATCCAAGTAACGTGCCGGCTGGCAGCGACACTGTTTAATGAGATGGGCGAAAGTCATTGGCAGGAACAA
TGGCGCGGGGCGCGCTTAGGGAGGGACAGACATACCGCGATTCACGCCTGGTTTCTTTGTGACCAAGCTGATGCAGG
GTTCTTCGTGTTCACACCTTGGCACAACTCGTTTGCCTAGCAGCTTGGACCATGACTCCTTGGCTTCAATAGGGTCA
AATACCCTATCTGGTACCCTGGAGATAGGCTCCGAGCGATTGCTTTGCGAGTATTTGGGTGAGGGACTAGTGAGTTC
GGACCCAACGGGTTCTCGCGATGCGGATTTGGTAGGTGATGTGCTGTCTGTCGCAGTGCGTGGTGACGTGTTGTTGG
TCTGCGACTCTTGCAGACCGGAGGGTGTGGGATGAACAGCCGCTGAATCAACAGGCTTGAAAAAACCCTTCAGTGTC
TTTTGCCCTGGTGCTGTCTTTAGCTTGGATGAGTTTGTATCGGCACCGGGTTTGCTGCGTTTGAGTTGTCTTGGAGC
TGGGTCGATTGGCTCAGCGGGCCGTTTTTGTGACTCGGCCTGTTGAGCGTTTGCTGCACGGCTGTTTGCTGACGCGC
CGCCCGGGAGGGCTTCAGAGGTTCCGTTACTGTCAGTATTGTTGCTGCTGTTGTTATTCGAACCTGAACGCAAGCCA
GTTTCAGTGATGCTACCTGCTCGTTTGGCTGGTTGGCCTGGACTCGGAGCACCATCAGACCAGCC
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